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Abstract 

Tracing ultrahigh-pressure (UHP) metamorphism of crustal rocks through the geological record is a 

key for understanding the evolution of plate tectonics on Earth due to the linkage with deep subduction 

processes. Until recently, UHP research was almost exclusively based on the investigation of 

crystalline rocks, but findings of coesite and diamond inclusions in detrital mineral grains demonstrate 

that the sedimentary record archives mineralogical evidence for UHP metamorphism. We here review 

previous attempts to link sediments to UHP sources and the recent findings of detrital UHP garnet, and 

thoroughly discuss the new approach in the search for UHP metamorphism. The indicative UHP 

minerals were identified by Raman spectroscopy and include monomineralic coesite and bimineralic 

coesite + quartz inclusions in detrital garnets from the Scandinavian Caledonides of Norway, the 

D‘Entrecasteaux Metamorphic Complex of Papua New Guinea, and the Central European Variscides 

of Germany, as well as diamond inclusions in the latter. Garnet chemistry and inclusion assemblages 

are used to gain information about the origin of these mineral grains and to discriminate different UHP 

sources. Presumably, the value of information will increase in future studies by considering other 



detrital containers of UHP minerals such as the ultrastable heavy minerals zircon, rutile, and 

tourmaline, for which also a range of single-grain provenance tools exist. Abundant monomineralic 

coesite inclusions in detrital minerals allow for investigating coesite preservation factors and 

potentially elastic thermobarometry in the coesite stability field. Altogether, the method allows for (i) 

screening large regions systematically for the presence of UHP rocks, (ii) studying the exhumation 

history of UHP terranes, and (iii) monitoring the former existence of UHP terranes at the Earth‘s 

surface. 

Keywords: Ultrahigh-pressure metamorphism; mineral inclusions; detritus; provenance; Raman 

spectroscopy; coesite; diamond; garnet; ultrastable minerals. 

1. Introduction

Ultrahigh-pressure (UHP) metamorphism of continental crust is intimately connected to deep 

(>100 km) subduction processes (e.g. Chopin, 2003), which are characteristic of modern-style plate 

tectonics (e.g. Stern, 2005). Tracking these processes through the geological record is of first-order 

significance in Earth sciences to draw conclusions on the evolution of subduction tectonics in Earth 

history. Although several mineralogical indicators have been proposed and were controversially 

discussed, the best and unequivocal indicators for UHP metamorphism are inclusions of coesite and 

diamond in mechanically robust host minerals (e.g. Chopin, 2003; Kotková et al., 2011). This is well 

known since the breakthrough studies in the 1980s reporting bimineralic coesite + quartz inclusions in 

garnet and omphacite (Chopin, 1984; Smith, 1984), and diamond inclusions in garnet of crustal rocks 

in the early 1990s (Sobolev and Shatsky, 1990). Since then, a great number of terranes have been 

identified that experienced deep subduction processes and were subsequently exhumed, making UHP 

metamorphism a common phenomenon in Earth‘s metamorphic record since the late Neoproterozoic 

(Liou et al., 2009). 

Studies identifying UHP metamorphism are primarily based on the investigation of crystalline 

rocks, and approaches using the sedimentary record to constrain the erosion of UHP rocks are 

extremely scarce. The few studies available are sedimentary provenance studies, where chemical and 



isotopic characteristics of detrital single grains are roughly linked to the characteristics of known UHP 

terranes, which could represent a potential source of the sediments (e.g. Grimmer et al., 2003; Li et al., 

2005). These techniques, however, are unable to verify UHP sources or explore regions on the 

existence of these rocks. The identification of coesite inclusions in zircons of cobbles from 

conglomerates (Wan et al., 2005) is restricted to coarse clastic sediments, and thus this technique is 

only suitable in certain circumstances, such as in proximal settings. In contrast, in an individual case, 

coesite inclusions were reported from single detrital zircon grains (Chen et al., 2005). Recently, a 

novel method has been developed using Raman spectroscopy to systematically screen detrital mineral 

grains on the presence of coesite inclusions with a focus on garnet, which allows to pinpoint an UHP 

origin (Schönig et al., 2018a). This approach was first successfully applied on detrital garnet from the 

Western Gneiss Region of Norway and proof of concept has been demonstrated by application to 

modern sand samples from the Saxonian Erzgebirge of Germany (Schönig et al., 2019, 2020) and 

Earth‘s youngest UHP terrane in Papua New Guinea (Baldwin et al., 2021). In addition to common 

inclusions of coesite in detrital garnets of the Erzgebirge, diamond inclusions were also detected. 

In this paper, we review early attempts to link sediments to UHP sources, the recent findings of 

UHP mineral inclusions in detrital garnet, and the related method of capturing the distribution and 

characteristics of UHP metamorphic rocks by combining mineral inclusion data with garnet chemistry. 

This also includes the benefits as well as challenges, which have to be carefully considered, and the 

prospective enhancements of the method. Furthermore, we discuss the potential of detrital UHP host 

minerals beyond garnet, with particular emphasis on heavy minerals which are ultrastable within the 

sedimentary cycle. Finally, we give an outlook on fields of application by considering the sedimentary 

record as an archive for UHP metamorphism. 

2. Attempts to link sediments to UHP sources

Early attempts to link sedimentary successions to the erosion of UHP source rocks are restricted 

to the Dabie Shan and Sulu terranes located in the eastern part of the Qinling–Dabie–Sulu Orogen in 

China (Fig. 1A). The UHP rocks in this orogen were formed during collision of the North and South 



China blocks in the Triassic (Li et al., 2005). To evaluate the timing of exposure, sedimentary rocks of 

various basins surrounding the Qinling–Dabie–Sulu Orogen were considered to be sourced from the 

Dabie and Sulu UHP rocks. 

[insert Figure 1, two-column fitting image] 

Considerable attention has been given to the large volumes of Triassic turbidites of the 

Songpan–Ganzi Complex located ~1000 km west of the present-day outcropping UHP rocks of the 

Dabie Shan (Fig. 1A). By comparing the age and volume of the Songpan–Ganzi Complex with the 

amount of material proposed to have overlain the Dabie UHP rocks, Nie et al. (1994) proposed that the 

majority of the Triassic sediments were sourced from the eroding Qinling–Dabie Orogen during 

exhumation of the UHP rocks. Besides possible pitfalls in this mass balance attempt, doubts on this 

interpretation have been raised due to the missing mineralogical evidence for the contribution of 

eroded material from both UHP and the formerly overlying high-pressure (HP) rocks (Avigad, 1995). 

Later, detrital zircon U–Pb ages revealed that the Songpan–Ganzi Complex consists of multiple 

depocenters with different sources and that low Th/U detrital zircons, which are typical for the UHP 

rocks from Dabie as well as metamorphic zircon in general (e.g. Rubatto, 2017, and references 

therein), show different ages than their supposed source rocks (Weislogel et al., 2006, 2010). Yet, the 

sediment sources of the Triassic turbidites of the Songpan–Ganzi Complex are still a matter of debate; 

various sources are proposed including the Dabie UHP rocks, the Qinling–Dabie Orogen, Qaidam 

Block (Kunlun Arc), the South China Block, the Qiantang UHP rocks, and the Qiantang Block (e.g. 

Zhang et al., 2012, and references therein, Fig. 1A). Studies suggesting the presence or absence of an 

UHP source are based on the occurrence of HP minerals like omphacite, the chemical composition of 

garnet, a high Si content in white mica, and comparison of zircon U–Pb or white mica 
40

Ar/
39

Ar ages 

with supposed UHP source terranes (e.g. Enkelmann et al., 2007; Zhang et al., 2008). 

In contrast to the supposed long transport to the Songpan–Ganzi Basin, Grimmer et al. (2003) 

assume deposition of erosional material sourced from the Dabie UHP rocks in closer proximity in the 

Yangtze foreland, located south-east of the Dabie UHP terrane (Fig. 1A). To link the investigated 



sediments to a Dabie source, they compared 
40

Ar/
39

Ar ages of white mica. Because a few of these 

micas in the Middle Jurassic successions show high Si values of >3.5 apfu (atoms per formula unit, O 

= 11), the authors propose a first limited exposure of Dabie UHP rocks at this time. 

In addition, it is also considered that eroded material from the Dabie UHP rocks was 

accumulated in the Hefei Basin (Fig. 1A). Li et al. (2005) recognized a prominent change in the Si 

content of white mica within the Lower Jurassic Fanghushan Formation from dominantly <3.3 apfu to 

dominantly >3.3 apfu. This trend continues in the younger formations. Based on the Triassic age of 

some zircons, the authors link the Lower Jurassic sediments to a Dabie source. Most convincingly, 

evidence for the exposure and erosion of UHP rocks is given by coesite inclusions in detrital zircon 

from sandstone of the Fanghushan Formation (Chen et al., 2005) and also by coesite inclusions in 

zircon of a granitic gneiss cobble from an Upper Jurassic conglomerate of the Fenghuangta Formation 

(Wan et al., 2005). 

A similar approach of comparing chemical composition and U–Pb ages of detrital zircon with a 

known UHP terrane was performed by Xie et al. (2012). The authors analyzed zircons from the Lower 

Cretaceous Laiyang Group of the Jiaolai Basin (Fig. 1A), which is adjacent to the Sulu UHP terrane 

that in turn is supposed to be the eastern extension of the Dabie UHP terrane (e.g. Hacker et al., 1998). 

Because the analyzed zircons show low Th/U ratios, indicating a metamorphic origin, and U–Pb ages 

similar to those of metamorphic rocks of the Sulu terrane, UHP rocks of the latter are proposed as 

sediment source and thus were probably exposed on the Earth‘s surface during early Cretaceous time 

(Xie et al., 2012). 

As outlined by the provenance studies from sedimentary basins in China, attempts to trace UHP 

metamorphism through the sedimentary record are mainly based on mineral chemical composition of 

mica and rarely garnet, and the comparison of chronologic ages from detrital mineral grains and 

known potential UHP source rocks. Although determining the Si content of white mica is an important 

tool in sedimentary provenance analysis because the substitution of Si + (Mg, Fe) for two Al strongly 

depends on pressure conditions (e.g. Massonne and Schreyer, 1987), it is not possible to confidently 

discriminate HP and UHP sources due to the absence of information regarding the original host-rock 

mineral assemblage. Similarly, garnet composition is useful to identify different metamorphic sources, 



but UHP garnet does not show a unique composition clearly differing from that of HP garnets 

(Krippner et al., 2014; Tolosana-Delgado et al., 2018; Schönig et al., 2021a). Chronologic ages of 

single grains are useful to obtain information about the source regions, but discriminating HP and 

UHP source rocks from the same region is not resolvable. 

Thus, techniques to identify UHP metamorphism in the detritus are limited to mineralogical 

indicator phases, whereby coesite and diamond are the most important. Ideally, these minerals do not 

occur as single grains but show some paragenetic context of their source rock. Otherwise, a 

differentiation between UHP metamorphism of crustal rocks and a mantle origin (i.e. peridotites, 

pyroxenites, mantle eclogites, or kimberlites) is open for interpretation (e.g. Kueter et al., 2016). In 

addition, shock metamorphism resulting from impact events represent another formation environment 

of coesite (e.g. Chao et al., 1960). Thus, a coesite inclusion in zircon of a cobble-sized clast like 

reported by Wan et al. (2005) is exceptionally beneficial because very coarse clastic material can 

provide important source rock information (e.g. Cuthbert, 1991; Dunkl et al., 2009; Kellett et al., 

2018). However, these gravel-sized clasts are usually a feature of proximal sedimentary successions 

which do not represent the majority of clastic sediments and sedimentary rocks. In contrast, sand-sized 

grains are widespread in modern as well as ancient clastic sediments and sedimentary rocks and can be 

easily analyzed by a wide range of analytical techniques, making it the preferred grain-size range in 

single-grain provenance analysis (e.g. von Eynatten and Dunkl, 2012). Consequently, the 

identification of UHP mineral inclusions in detrital single grains, as reported by Chen et al. (2005), is 

the most promising attempt to trace UHP metamorphism through the sedimentary record. 

3. UHP mineral inclusions in detrital garnet

As outlined above, the detection of coesite and diamond inclusions in detrital mineral grains is 

the most desirable method to trace UHP metamorphism through the sedimentary record. Although a 

first report of coesite in detrital zircon was given by Chen et al. (2005), and the findings were 

subsequently used by Li et al. (2005), a first detailed report of a technique to systematically trace UHP 

metamorphism at the catchment scale by analyzing inclusions in detrital garnet was given by Schönig 



et al. (2018a), and further developed and verified by Schönig et al. (2019, 2020, 2021b) and Baldwin 

et al. (2021). 

3.1. Documented findings 

3.1.1. Western Gneiss Region of Norway 

Schönig et al. (2018a) analyzed 732 garnets from a modern sand sample taken at the beach at 

the mouth of a small stream on the south-eastern coast of the island of Runde, located in the Sorøyane 

UHP domain of the Western Gneiss Region in south-west Norway (Fig. 1B). This sample represents a 

relatively small present-day catchment of ~1 km
2
. The analyzed grain-size range of very-fine to 

medium sand was split into the three fractions 63–125 µm, 125–250 µm, and 250–500 µm. The 

garnets were mounted in epoxy, grounded with SiC, polished with Al2O3, and the inclusions were 

analyzed by Raman spectroscopy. 

Detrital garnets containing inclusions ≥2 µm are common in the sample (>80 %). In contrast to 

many other analytical in-situ techniques that are limited to the polished surface, Raman spectroscopy 

enables inclusion analysis in the entire grain volume. A total of 13 coesite inclusions were detected in 

six of the analyzed garnet grains, being the first report of coesite inclusions in detrital garnet single 

grains and directly reflecting an UHP source. These coesite inclusions are most abundant in garnets of 

the 63–125 µm fraction, less common in the 125–250 µm fraction, and absent in the 250–500 µm 

fraction. 

All detected coesite inclusions are small (<12 µm, longest axis in plane view), mainly 

spheroidal to spherical in shape, and preserve residual strains resulting from the entrapment at UHP 

conditions and differential thermoelastic properties of the garnet host and the entrapped coesite. In 

addition, all coesite inclusions are monomineralic, and thus they lack the typical petrographic 

structures of bimineralic coesite + quartz inclusions resulting from the partial coesite-to-quartz 

transformation, like radial fracturing of the host garnet (Fig. 2A). 

[insert Figure 2, two-column fitting image] 



3.1.2. Saxonian Erzgebirge of Germany 

By applying the analytical concept of Schönig et al. (2018a) to seven modern sand samples from 

tributaries draining the central part of the Saxonian Erzgebirge in Germany (Schönig et al., 2019), the 

method of tracing UHP metamorphism by analyzing detrital garnet was tested for present-day 

catchments ranging from sizes as small as Runde (~1 km
2
; Schönig et al., 2018a), over catchments 

being up to ten times larger, and finally to a regional river catchment draining an area >500 km
2
. One-

hundred inclusion-bearing garnets per sample (700 grains in total) from the 125–250 µm grain-size 

fraction were analyzed by Schönig et al. (2019). In a follow-up study, inclusion analysis of each 

sample was extended to 100 garnet grains from the 63–125 µm as well as the 250–500 µm grain-size 

fractions (Schönig et al., 2020). Out of the 2100 studied grains, 93 garnets were identified that contain 

a total of 193 coesite inclusions. This includes garnet grains from all studied catchments, showing that 

UHP rocks in the Erzgebirge are more common and more widely distributed than previously expected. 

A detailed investigation of the coesite inclusions by Schönig et al. (2021b) using hyperspectral 

two-dimensional Raman imaging revealed that small coesite inclusions <9 µm are primarily 

monomineralic, mainly spherical to spheroidal in shape with few inclusions showing sharp edges (Fig. 

2A), and preserve residual strains, which is in line with observations from Norway (Schönig et al., 

2018a). Rarely, small inclusions partially transformed to quartz, particularly when these are connected 

to fractures from other inclusions or when they are located very close to the garnet surface. In contrast, 

larger inclusions often partially transformed to quartz (Schönig et al. 2021b; Fig. 2B). This size 

dependence is a general trend that is also observed in single grains containing multiple inclusions of 

small monomineralic coesite and larger bimineralic coesite + quartz (cf. figs. 10 and 11 in Schönig et 

al., 2021b). The replacement of coesite by quartz is observed to start at the inclusion-host boundary 

and progresses towards the inclusion center. Occasionally, the bimineralic inclusions show a filigree 

of fine fractures spreading into the host garnet (Fig. 2B). As fluid availability is crucial for the coesite-

to-quartz transformation (e.g. Liu and Zhang, 1996; Mosenfelder and Bohlen, 1997; Mosenfelder et 

al., 2005; Liu et al., 2017; Wang et al., 2018), this led to the conclusion that inclusion size is the most 

important factor controlling the potential of the inclusion to fracture the host garnet, and thus enable 



fluid infiltration (Schönig et al., 2021b). Carbonaceous material detected at host-inclusion boundaries 

of bimineralic and fractured inclusions record peak temperatures of ~330°C based on the Raman 

thermometer of Lünsdorf et al. (2017), indicating that fracturing and fluid infiltration is a late process 

during exhumation (Schönig et al., 2021b). The size dependence is probably related to the initial 

fracture length, that is the length of the inclusion–host boundary which is defined by inclusion size 

(Whitney et al., 2000). Large and small inclusions entrapped in the same garnet and at the same 

pressure–temperature (P–T) conditions develop similar non-lithostatic inclusion strains during 

exhumation, but larger inclusions have a larger initial fracture length, which requires less stress to 

propagate into the host garnet (Schönig et al., 2021b). 

Besides coesite, a total of 145 diamond inclusions were found in 54 detrital garnets of two 

samples (Schönig et al., 2019, 2020). Almost all (53 of 54 diamond-bearing garnets) are from a sample 

taken very proximal to felsic diamond-bearing rock lenses (e.g. Nasdala and Massonne, 2000), while 

one diamond-bearing grain was detected in the sample that represents the regional river catchment. 

Because the latter encompasses the known diamond-bearing rock lenses, this finding does not 

necessarily point to another diamond-bearing source (Schönig et al., 2020). 

Diamond-bearing inclusions are up to 30 µm in dimension and mainly show an irregular shape. 

Some of them are monomineralic but most diamonds occur in polyphase inclusions together with 

varying amounts of minerals like quartz, plagioclase, graphite, rutile, apatite, and phyllosilicates (Fig. 

2C). Particularly the co-existence with quartz + feldspar + phyllosilicates indicate the entrapment as a 

melt, which agrees with the many other melt inclusions found in the detrital garnets that sometimes 

include rare polymorphs like cristobalite, kokchetavite, and kumdykolite (Schönig et al., 2020). The 

reported diamonds represent the first record of diamond-grade UHP metamorphism of crustal rocks by 

analyzing the detritus, and shows that evidence of diamond-bearing UHP metamorphic rocks is 

reliably transferred to the sedimentary record (Schönig et al., 2019). 

3.1.3. D’Entrecasteaux Islands of Papua New Guinea 



The D‘Entrecasteaux metamorphic complex in eastern Papua New Guinea records the youngest 

UHP rocks exposed on Earth‘s surface (Baldwin et al., 2008), dated to be of late Miocene age (e.g. 

Monteleone et al., 2007; Baldwin et al., 2012). However, direct mineralogical evidence for UHP 

metamorphism in form of coesite is restricted to a single eclogite lens (Baldwin et al., 2008; Faryad et 

al., 2019; Osborne et al., 2019). As further attempts to find coesite in crystalline rock samples have 

been unsuccessful, Baldwin et al. (2021) considered the detrital garnet record as a potential archive, 

similar to the approach applied in Norway and Germany (Sections 3.1.1. and 3.1.2.). The authors 

studied the inclusion assemblage of 354 sand-sized detrital garnets from a modern beach placer. Two 

coesite-bearing grains were identified, one showing a monomineralic coesite inclusion (Fig. 2A) and 

one showing a coesite inclusion that partially transformed to quartz (Fig. 2B). These findings 

substantially increased the evidence for UHP metamorphism in the actively exhuming metamorphic 

complex and demonstrates that the detrital garnet record is capable to trace sparsely preserved UHP 

relicts at the catchment scale. 

3.2. UHP source rock reconstruction using garnet chemistry and inclusion assemblages 

3.2.1. Verifying a subduction-related crustal origin 

Although inclusions of coesite and diamond serve as powerful indicators for UHP conditions, it 

must be considered that their formation is not restricted to deep subduction of crustal rocks. Both 

coesite and diamond also occur in rocks that experienced shock metamorphism during impact events 

(e.g. French and Koeberl, 2010, and references therein) as well as in rocks of mantle origin (e.g. 

Smyth and Hatton, 1977; Schulze et al., 2000). Most mantle rocks are transported to Earth‘s surface as 

xenoliths by alkaline volcanism, i.e. by kimberlites and lamproites (e.g. Field et al., 2008). In addition, 

fragments of mantle rocks are emplaced into subducting continental crust at convergent plate margins 

and are subsequently exhumed together with their crustal country rocks (e.g. Medaris, 1980). Though 

this process is subduction related, the crustal rocks and intruded mantle rocks often do not share a joint 

P–T path, and mantle rocks may originate from much greater depth than reached by the subducted and 

exhumed slab (e.g. Spengler et al., 2006). Thus, to link detrital coesite- and diamond-bearing garnet to 



the deep subduction of crustal rocks, both an impact-related origin as well as a mantle origin have to 

be excluded. 

Impact-related coesite and diamond typically do not occur as inclusions in garnet. Furthermore, 

coesite of shock origin often occurs in diaplectic quartz glass, at grain boundaries, in symplectites, 

and/or in association with planar deformation features (e.g. Ferrière and Osinski, 2012), whereas 

diamond of shock origin often shows preferred crystal orientation and is associated with lonsdaleite 

and/or silicon carbide (Vishnevsky and Raitala, 2000). By contrast, features of coesite- and diamond-

bearing mantle and crustal garnet are similar and challenging to discriminate. A first look on the heavy 

mineral suite of a sediment sample can provide hints whether detritus supplied from mantle rocks has 

to be considered, for example by the presence of chrome spinel (e.g. Nowicki et al., 2007). The 

chemical composition of chrome spinel can further be used as a petrogenetic indicator (Irvine, 1967; 

Dick and Bullen, 1984; Cookenboo et al., 1997; Mange and Morton, 2007; Han et al., 2019), but 

mantle and crustal chrome spinel show large compositional overlap (Gurney and Zweistra, 1995). 

More indicative is the major-element composition of the detrital garnet grains that entrapped coesite 

and diamond inclusions. Mantle garnet of ultramafic host-rock composition can be confidently 

identified by comparatively high Cr2O3 content as well as high MgO content compared to FeOtotal 

(Schulze, 2003; Grütter et al., 2004; Tolosana-Delgado et al., 2018). However, particularly 

challenging is the discrimination of chromium-poor mantle garnet, mainly originating from mantle 

eclogites, and crustal eclogite-facies garnet (Hardman et al., 2018). 

Two multivariate discrimination schemes are available that enable the distinction of chromium-

rich as well as chromium-poor mantle garnet from crustal garnet (Hardman et al., 2018; Schönig et al., 

2021a). Figure 3 shows the discrimination results of these schemes for the detrital coesite- and 

diamond-bearing garnet grains. Both approaches assign the majority of the detrital UHP garnet grains 

to a crustal origin with >98 % (Fig. 3A) and >97 % (Fig. 3B), respectively. Only a minor portion of 

coesite-bearing garnet grains from the Saxonian Erzgebirge are assigned to be derived from mantle 

rocks with <3 % (Fig. 3A) and <5 % (Fig. 3B), respectively. Most likely, the high temperatures 

>850°C at UHP conditions (e.g. Schmädicke et al., 1992) led to higher MgO contents compared to 

FeOtotal and higher TiO2 contents in garnet, resulting in compositional overlap with garnet of mantle 



origin for some grains. Besides these rare exceptions, both discrimination schemes clearly indicate a 

crustal origin of coesite- and diamond-bearing garnet grains; thus, fulfilling the definition of UHP 

metamorphism that refers to crustal rocks that experienced P–T conditions high enough for the 

formation of coesite (Carswell and Compagnoni, 2003). 

[insert Figure 3, two-column fitting image] 

3.2.2. Mafic versus felsic origin 

Since a mantle origin is precluded (Section 3.2.1.), an important question to be answered is 

whether the coesite- and/or diamond-bearing garnet grains are sourced from metamorphic rocks of 

mafic or felsic bulk composition. The close association of mafic and metasedimentary UHP rock 

lenses and bodies within large volumes of medium- to high-pressure felsic country rocks is a common 

feature of UHP terranes, and often interpreted as mélanges of metamorphic rocks that do not share a 

joint P–T path (e.g. Liou et al., 2009). In contrast, a large and growing number of studies report 

findings of coesite and diamond in felsic country rocks of UHP terranes, which indicates subduction 

and exhumation as largely coherent geological units (e.g. Faryad and Cuthbert, 2020, and references 

therein). The felsic rocks often underwent strong retrogression or re-crystallization during exhumation 

that, based on the mineral assemblage, obliterates a precursor UHP stage (e.g. Hermann et al. 2006). 

Whether or not voluminous felsic rocks were involved in the cycle of UHP metamorphism has 

important implications for the size and buoyancy of UHP terranes to be considered in subduction and 

exhumation models (Zhang and Wang, 2020). Investigating the detrital record enables to 

systematically sample a mixture of lithologies that are potentially involved in the UHP rock cycle 

(including the felsic country rocks) and to screen those for inclusions of coesite and diamond 

preserved in resistant host minerals like garnet (Schönig et al., 2018a, 2019). 

The scheme of Schönig et al. (2021a) facilitates the discrimination of garnet sourced from 

alkaline, calcsilicate, ultramafic, mafic, and intermediate–felsic/metasedimentary host-rock 

composition solely based on garnet major-element composition acquired by electron microprobe 



analysis. As shown in Figure 4A, the scheme assigns a significant proportion of 45 % of the coesite- 

and diamond-bearing detrital garnets to an intermediate–felsic/metasedimentary source, with 

intermediate–felsic/metasedimentary host rocks predicted in all studied regions, except the two grains 

from the D‘Entrecasteaux Islands of Papua New Guinea. Unfortunately, host-rock composition 

predictions for garnet from intermediate–felsic/metasedimentary eclogite-facies and UHP rocks are 

most challenging and show the highest misclassification rates with 50 % incorrectly assigned to a 

mafic source (see fig. 2 of Schönig et al., 2021a). Nevertheless, garnets from mafic eclogite-facies and 

UHP rocks are correctly assigned in 96 % of the cases and rarely misclassified as intermediate–

felsic/metasedimentary. Thus, the 45 % of detrital UHP garnets assigned to an intermediate–

felsic/metasedimentary source are rather a minimum estimation, clearly exceed misclassification rates, 

and indicate significant involvement of felsic rocks in the UHP rock cycle. 

 To gain further information about the source rocks of the garnets containing UHP mineral 

inclusions, a combination of detrital garnet chemistry and mineral inclusion assemblages has been 

shown to be of great value, particularly when compared to garnet of local crystalline rocks (Schönig et 

al., 2018a, 2018b, 2021b; Baldwin et al., 2021). This can be achieved by using garnet endmember 

plots or discrimination schemes (Wright, 1938; Morton, 1985; Teraoka et al. 1998; Schulze, 2003; 

Grütter et al., 2004; Mange and Morton, 2007; Aubrecht et al. 2009; Krippner et al., 2014; Hardman et 

al. 2018; Tolosana-Delgado et al., 2018; Schönig et al., 2021a). 

[insert Figure 4, two-column fitting image] 

Figure 4B (left diagram) shows a compositional comparison of detrital coesite-bearing garnet 

from Norway to garnet from local eclogite and felsic gneiss in the XFe+Mn–XMg–XCa ternary diagram. 

The coesite-bearing garnet grains show a considerable variability in XCa, indicating more than a single 

source. Based on the compositional similarity to garnet from local felsic gneiss, abundant inclusions of 

quartz, and the presence of an alkali feldspar inclusion, Schönig et al. (2018a) supposed a felsic source 

as most likely for coesite-bearing garnet showing the lowest XCa content (Fig. 4B, left). In contrast, 



coesite-bearing garnet with the highest XCa content shows an inclusion assemblage of coesite + quartz 

+ omphacite + kyanite + rutile, making a mafic source (i.e. eclogite) most likely. 

The dataset of inclusion assemblages in detrital garnets from Germany studied by Schönig et al. 

(2019, 2020, 2021b) is much larger compared to that from Norway, and includes 2100 inclusion-

bearing garnets (93 coesite-bearing, 54 diamond-bearing). This allows comparison of compositional 

characteristics of garnets containing specific inclusion types with garnet compositions from local 

crystalline rocks. Garnet grains hosting inclusions of omphacite and graphite have been found 

particularly useful. As shown in Figure 4B (middle diagram), the composition of omphacite-bearing 

garnet resembles the composition of garnet from local eclogites, whereas graphite-bearing garnet 

resembles the composition of garnet from local felsic rocks. Consequently, coesite- and diamond-

bearing detrital garnets which additionally entrapped omphacite or which are compositionally similar 

to omphacite-bearing garnet are mainly sourced from mafic lithologies (eclogites), and those which 

additionally contain graphite or which are compositionally similar to graphite-bearing garnet are 

mainly sourced from felsic rocks. Based on a detailed comparison of detrital and crystalline garnet 

composition, as well as the consideration of other inclusion assemblages besides omphacite and 

graphite that are more common in felsic rocks (alkali feldspar, phlogopite–biotite, quartz, and 

cristobalite), Schönig et al. (2021b) assigned ~76 % of the coesite-bearing garnets to a felsic source 

and ~24 % to a mafic source. This highlights the importance of felsic lithologies in UHP rock cycles 

and indicates that the predicted proportion of detrital UHP garnet of felsic origin in Figure 4A (after 

Schönig et al., 2021a) represents a lower limit. 

In addition to frequent hints that some UHP garnets are sourced from felsic lithologies, Schönig 

et al. (2020) observed that the composition of ~10 % of the coesite-bearing and ~7 % of the diamond-

bearing grains only matches with garnet compositions from the felsic country rocks (yellow kernel 

density distribution map in Fig. 4B, middle diagram), which previously had been inferred not to have 

reached pressure conditions in excess of ~2.1 GPa (Willner et al., 1997; Tichomirowa et al., 2018). 

The main differences between this garnet and garnet from eclogite lenses (dark blue density 

distribution) as well as diamond-bearing felsic rock lenses (sky-blue density distribution) are the 

higher values of XMn and XFe versus XMg (Fig. 4B, middle diagram), which is becoming clear in scatter 



plots of these ratios (see figs. 2 and 3 of Schönig et al., 2020). Thus, it was concluded that the felsic 

country rocks, diamond-bearing felsic lenses, and eclogites were subducted to UHP conditions as a 

largely coherent slab (Schönig et al., 2020). This supports individual opinions on the studied area 

(Gose and Schmädicke, 2018) as well as worldwide observations (Faryad and Cuthbert, 2020, and 

references therein), but strongly contradicts the view of a mixture of rocks that reached different 

maximum depth and amalgamated during exhumation (Massonne, 2005, 2011). Consequently, the 

interpretation based on detrital garnet data led to a relaunch of the debate about the geodynamic 

context of the UHP terrane of the central Saxonian Erzgebirge (Massonne, 2021; Schönig et al., 

2021c). 

Similar to the Erzgebirge of Germany, a comparison of detrital and crystalline garnet chemistry 

in the D‘Entrecasteaux metamorphic complex of Papua New Guinea as well as inclusions of graphite 

and omphacite has proven useful. Only considering garnet composition, the coesite-bearing grains are 

assigned to a mafic source (Fig. 4A; after Schönig et al., 2021a). However, felsic UHP garnet is prone 

to be misclassified and Baldwin et al. (2021) suppose a felsic, probably metasedimentary, source 

based on a number of arguments. 

First, detrital coesite-bearing garnet composition differs strongly from garnet of the coesite-

bearing eclogite (Monteleone et al., 2007; Baldwin et al., 2008; Faryad et al., 2019; Osborne et al., 

2019) (Fig. 4B, right diagram, purple density distribution). This observation is particularly important 

as the sample from the eclogite lens outcropping at a single location previously represented the only 

find of coesite in the UHP terrane of eastern Papua New Guinea, and thus the detrital coesite-bearing 

garnets significantly expand the range of lithologies involved in the UHP rock cycle (Baldwin et al., 

2021). 

Second, the two coesite-bearing garnets are compositionally distinct from garnet of other local 

eclogites as well as detrital garnet containing omphacite inclusions (Fig. 4B, right diagram, dark-blue 

and green density distributions), making a pristine eclogite source very unlikely. Furthermore, one of 

the coesite-bearing garnets contains abundant inclusions of graphite. As graphite is more likely to 

occur in metasedimentary rocks, and the composition of graphite-bearing detrital garnet resembles the 

composition of garnet from felsic rocks as well retrogressed eclogites and amphibolites (Fig. 4B, right 



diagram, grey, yellow, and brown density distributions) but no inclusions of graphite have been found 

in garnet of a nearby retrogressed eclogite (see supplementary data 2 of Baldwin et al., 2021), a 

metasedimentary source is inferred to be most likely. Consequently, we interpret the detrital coesite-

bearing garnets associated with this young, active UHP terrane to have formed from a protolith 

generated at Earth's surface, before subduction to and return from mantle depth, and subsequent 

erosion and deposition as a beach placer (Baldwin et al., 2021). 

3.3. Methodological benefits and limits 

Almost all previous studies dealing with UHP metamorphism are based on analyzing crystalline 

rocks, whereby potential rocks are sampled following targeted field mapping. When the aim is to 

examine the existence and/or extent of UHP rocks this approach suffers in some respects, particularly 

when large rock volumes have to be screened (Schönig et al., 2018a). 

First of all, crystalline rocks commonly outcrop poorly or are not accessible in the area of 

interest. Depending on climate conditions and lithology, bedrocks may be covered by soil, dense 

vegetation, or ice. Even if a large area may be well exposed and lithologies have been 

comprehensively mapped, the selection of sampling spots might be challenging and sometimes 

subjective regarding the large volumes of rocks. Equilibration under UHP metamorphic conditions 

may depend on fluid infiltration, which can result in co-existing domains of different metamorphic 

grade on very small scales (e.g. John and Schenk, 2003). To make matters worse, UHP terranes are 

commonly exhumed by nearly isothermal decompression or even heating before cooling and thus 

metamorphic peak assemblages usually are not preserved and/or obliterated by retrogression (e.g. 

Ernst, 2006). Particularly felsic rocks are prone to be retrogressed due to melting induced by the 

breakdown of hydrous phases like phengite (Hermann et al, 2006). UHP minerals like coesite and 

diamond may survive retrogression when shielded from the external conditions by their entrapment as 

inclusions in resistant host minerals like garnet; however, this is difficult to assess during sampling in 

the field. In contrast, analyzing detrital grains takes advantage of natural processes such as erosion and 

sedimentary transport to sample potential host minerals from a variety of rocks in the investigated 



catchment (e.g. Schönig et al., 2018a). This also includes grains from rocks which have undergone 

weathering, soil formation and/or are covered by vegetation or ice (sampled by meltwater). 

A tremendous advantage is the possibility to apply the method to ancient clastic sedimentary 

rocks (e.g. Schönig et al., 2018a; Baldwin et al., 2021). Because garnet (i) represents a common 

detrital mineral in sediments originating from orogenic settings (e.g. Andò et al., 2014), (ii) can 

preserve UHP mineral inclusions (e.g. Schönig et al. 2018a, 2019) even when exhumed under high-

temperature conditions (Schönig et al., 2020; Baldwin et al., 2021), and (iii) is comparatively stable 

during transport, surface weathering, and deep burial (Morton and Hallsworth, 1999), it can be 

expected that coesite- and/or diamond-bearing garnets are preserved in ancient sedimentary 

successions shed from UHP terranes, like already shown for coesite-bearing zircon (Chen et al., 2005). 

Thus, garnet is a major target mineral to study the erosion and exposure of ancient UHP terranes with 

high potential regarding, for instance, dimensions of rock bodies affected by UHP conditions, timing 

and rates of UHP rock exhumation to Earth‘s surface, as well as the occurrence of UHP terranes 

throughout Earth‘s history. However, the preservation in ancient sedimentary rocks still has to be 

tested and validated. 

Although the detection of UHP sources by analyzing detrital minerals offers several benefits, it 

is also accompanied by some challenges. First and foremost, some powerful techniques of 

metamorphic petrology cannot be applied directly. Metamorphic thermobarometry is based on 

exchange reactions, exsolution temperature of solid solutions, net-transfer reactions, major-element 

contents, trace-element partitioning, multi-equilibria calculations, petrogenetic grids, and 

thermodynamic modelling. All these methods can provide detailed information on P–T evolution but 

most of them depend on two or more co-existing minerals and/or knowledge of the (effective) bulk-

rock composition (e.g. Reverdatto et al., 2019). Because this information is highly limited concerning 

detrital single grains, detailed P–T information is not available and can only roughly be estimated by 

using garnet discrimination schemes and combine the results with inclusion information (Section 3.2.) 

or by applying elastic thermobarometry (Baldwin et al., 2021). Nevertheless, the method of analyzing 

inclusions in detrital garnet provides a first-order overview of the distribution and characteristics of 

UHP metamorphic rocks located in the study area, and thus can be seen as an effective starting point 



to plan further exploration – or not. It is capable of verifying the presence of UHP rocks and providing 

source rock characteristics, as long as the eventuality of a mantle origin is carefully considered 

(Section 3.2.1.). 

Analyzing detrital grains requires considering the eventuality of sediment recycling. Although 

detrital garnet containing coesite and/or diamond inclusions provides evidence for material of UHP 

origin located in the present-day catchment, it is uncertain whether the UHP garnets originated directly 

from crystalline rocks or, if present, may be reworked from sediments or sedimentary rocks within the 

catchment. This is a difficulty, but remains a minor problem if the catchment area is relatively small, 

clearly arranged, and geologically well known. However, it becomes tricky for large catchments, 

remote areas, and when analyzing sedimentary rocks with unknown origin. Thus, tackling the 

recycling issue strongly depends on the respective geological situation and the objectives of the study. 

One of the key objectives is to link detrital coesite- and/or diamond-bearing garnet to a specific 

metamorphic/orogenic event. In this case, dating zircon, monazite, rutile, and/or apatite grains from 

the bulk sediment sample will reveal whether more than a single event or an exotic input has to be 

considered. If not, sediment recycling with respect to UHP minerals can be neglected. If yes, direct in-

situ dating of the host mineral containing UHP inclusions is the method of choice. Unfortunately, 

aluminum-rich garnet is typically poor in uranium, hampering the ability of U–Pb dating. However, 

first successful approaches of dating uranium-poor aluminum-rich garnet in the U–Pb system 

(Millonig et al., 2020) and the Sm–Nd system (Maneiro et al., 2019) are encouraging. Other suitable 

dating techniques strongly depend on mineral inclusions co-existing with the UHP phases and have to 

be adjusted to the specific case. For instance, (U, Th)–Pb dating of monazite (e.g. Harrison et al., 

1997; Martin et al., 2007), zircon (e.g. Usui et al., 2002; Bruguier et al., 2017), or rutile inclusions 

(e.g. Bruguier et al., 2017; Zhou et al., 2020) in close proximity to UHP inclusions would be a 

possibility. In addition, expanding the technique to other host minerals that can be confidently dated in 

the U–Pb system, like zircon and rutile, would certainly increase the precision in age determinations. 

If contamination from sediments in the catchment cannot be excluded and dating is not feasible 

or data remains ambiguous, the information provided by the detrital garnets is still very useful to 



quickly narrow down the potential source rocks by comparing their chemical characteristics and 

inclusion assemblages with that of garnet from local crystalline rocks located in the catchment. 

3.4. Enhancing efficiencies 

It has been shown, for three different UHP terranes of different age and with continental as well 

as oceanic upper plates, that analyzing detrital garnet grains is effective in identifying UHP 

metamorphic rocks and less time consuming than analyzing many crystalline rock samples from large 

volumes of potential UHP lithologies. However, the user-assisted time needed for analyzing mineral 

inclusion assemblages in a large number of detrital garnet grains by Raman spectroscopy is still 

extensive. Enhancing efficiencies of the method becomes particularly important when considering (i) 

prospective applications to large regions where many samples from large drainage systems shall be 

screened for the presence of coesite- and diamond-bearing garnet or (ii) ancient sedimentary rocks 

where catchment size and complexity regarding bedrock geology are often arguable. Techniques that 

enable a statistically based pre-selection of potential UHP garnet grains seems most promising to 

reduce the overall analytical time, while automated measurement routines are most promising to 

reduce the user-assisted time. 

3.4.1. Selecting the grain-size window 

The analyzed grain size can have a strong control on the composition (Krippner et al., 2015; 

Krippner et al., 2016; Schönig et al., 2021b) and mineral inclusion assemblages of detrital garnet 

(Schönig et al., 2018b, 2021b). On the one hand, variations in composition and inclusions leads to 

variations in garnet density, which in turn affects the hydrodynamic behavior. However, stronger 

control has been observed regarding the initial garnet crystal size at the source, that varies markedly 

between different garnet-bearing rocks and is prone to be inherited in their erosional material, i.e. 

sediments (Krippner et al., 2015; Krippner et al., 2016; Schönig et al., 2021b). This raises the question 

whether garnet sourced from UHP rocks is enriched in a specific grain-size window, and thus whether 

a pre-selection of the grain-size window can enhance analytical efficiencies. 



The grain-size distribution of coesite- and diamond-bearing detrital garnet from the Saxonian 

Erzgebirge has been studied in detail by Schönig et al. (2021b). Reports of garnet composition for 

different grain-size windows indicate that garnet sourced from high-grade metamorphic rocks is often 

enriched in the medium-sand fraction compared to fine-sand (see fig. 1 of Schönig et al., 2021b). 

While diamond-bearing garnet follows this trend, the grain-size distribution of coesite-bearing garnet 

is highly heterogenous. It turned out that this effect comes along with variations in source-rock 

composition. UHP garnet shed from mafic rocks contains a low number of coesite inclusions and is 

typically enriched in coarser grain-size fractions due to grain-size inheritance. In contrast, UHP garnet 

derived from felsic rocks contains variable amounts of coesite inclusions, whereby coesite-poor grains 

are enriched in coarser fractions (similar to mafic UHP garnet), but coesite-rich grains are enriched in 

fine fractions. Due to different elastic properties of coesite and garnet, strains developing during 

exhumation cause a high degree of fracturing and fracture connections to smaller inclusions for 

coesite-rich grains, allowing fluid infiltration and the transformation to quartz, which in turn further 

promotes garnet disintegration (see figs. 13 and 14 of Schönig et al., 2021b). 

In order to figure out the most efficient grain-size fraction for tracing UHP metamorphism, 

Schönig et al. (2021b) relate the frequency of coesite- and diamond-bearing garnet in different grain-

size fractions to the analytical time needed, which increases with increasing garnet grain size. Due to 

the heterogenous grain-size distribution of coesite-bearing garnet, the most efficient grain-size fraction 

varies between catchments that comprise varying proportions of mafic and felsic host rocks. On 

average, none of the grain-size fractions was found to be more efficient compared to any other with 

regard to the number of UHP garnets detected per time (see fig. SM5 of Schönig et al., 2021b), and 

thus the fraction that provides the highest value of information should be defined as most efficient. 

Solely the 250–500 µm fraction recorded (i) UHP metamorphism in all studied catchments, (ii) 

coesite-bearing garnet from mafic as well as felsic sources for individual catchments, and (iii) 

diamond-bearing garnet in the respective catchments (Schönig et al., 2021b). This also holds for 

detrital garnet from Papua New Guinea, where coesite-bearing garnet has only been detected in the 

>200 µm fraction (Baldwin et al., 2021). In contrast, detrital coesite-bearing garnet from Norway is 

absent in the 250–500 µm but most abundant in the 63–125 µm fraction (Schönig et al., 2018a). In 



conclusion, to reduce the analytical time in order to screen large rock volumes by a large number of 

samples on the occurrence of UHP rocks, the 250–500 µm grain-size fraction is most efficient for 

initial analysis. This cannot be generalized and an absence of UHP garnet in this fraction does not 

exclusively rule out their existence, but makes it much less likely in particular on a statistical base by 

considering multiple samples (Schönig et al., 2021b). 

3.4.2. Geochemical pre-screening 

Garnet major-element composition is mainly a function of pressure, temperature, effective bulk-

rock composition, and fluid availability. As information about the bulk-rock composition is very 

limited from a detrital perspective, multivariate quantitative empirical approaches applied to large 

natural datasets are most promising to estimate the metamorphic grade of garnet formation solely 

based on garnet major-element composition (Tolosana-Delgado et al., 2018; Schönig et al., 2021a). 

These discrimination schemes may allow screening out of garnet grains that are less likely to have 

crystallized during UHP metamorphism, and thus reduce the number of grains selected for the time-

consuming inclusion analysis. 

The discrimination scheme of Tolosana-Delgado et al. (2018) rests on a model developed by 

applying linear discriminant analysis to a major-element dataset of 3,188 garnets. As a result, it 

assigns garnet grains with specific probabilities to five major host-rock types, that are (i) ultramafic 

rocks, (ii) felsic igneous rocks, (iii) amphibolite-facies metamorphic rocks, (iv) granulite-facies 

metamorphic rocks, and (v) eclogite-facies metamorphic rocks. Notably, the scheme does not 

differentiate between eclogite-facies garnet of crustal and mantle affinity. Thus, a mantle origin should 

be additionally considered by applying the scheme of Hardman et al. (2018) or Schönig et al. (2021a) 

(Section 3.2.1.). 

Considering the arithmetic mean probabilities of individual detrital coesite- and diamond-

bearing garnet grains analyzed at 9–20 spots per grain, the scheme of Tolosana-Delgado et al. (2018) 

assigns all grains to a metamorphic source (using the prior probability ‗equal-M‘). Figure 5A shows 

the probabilities of the individual grains for the three considered metamorphic rock types. The scheme 

assigns ~81 % of the grains with the highest probability of belonging to an eclogite-facies 



metamorphic source. This rate slightly decreases to ~79 % or ~78 % when additionally sorting out 

grains that are assigned to a mantle origin based on the schemes of Hardman et al. (2018) or Schönig 

et al. (2021a), respectively (Fig. 3). 

[insert Figure 5, two-column fitting image] 

The discrimination scheme of Schönig et al. (2021a) is based on a model trained on a major-

element dataset of 13,615 garnets using the random forest machine-learning algorithm. The ―setting 

and metamorphic facies‖ model consists of an ensemble of 3,400 deeply grown classification trees. 

For a specific garnet composition, each tree votes for one of seven host-rock classes, that are (i) mantle 

rocks, (ii) metasomatic rocks, (iii) igneous rocks, (iv) blueschist-/greenschist-facies metamorphic 

rocks, (v) amphibolite-facies metamorphic rocks, (vi) granulite-facies metamorphic rocks, and (vii) 

eclogite-facies/ultrahigh-pressure metamorphic rocks. Garnet grains are assigned to the class that 

receives the majority of the votes from the 3,400 trees. 

Considering the arithmetic mean votes of 9–20 spots per grain after Schönig et al. (2021a), none 

of the detrital coesite- and diamond-bearing garnet grains is assigned to an igneous or metasomatic 

origin, but <3 % received a higher number of votes for a mantle origin than the maximum of votes for 

the four metamorphic classes (Fig. 3B). Figure 5B shows the individual votes for the metamorphic 

classes for garnet grains that are assigned to a metamorphic origin in Figure 3B. The scheme assigns 

the majority of votes to metamorphic garnet of the eclogite-facies/ultrahigh-pressure class for ~87 % 

of the coesite- and diamond-bearing grains, and thus provides a higher success rate compared to 

Tolosana-Delgado et al. (2018; Figure 5A) and a more efficient pre-screening. 

By using the arithmetic mean probabilities or votes for the single grains in the two tested 

schemes, the eventuality of major-element zonation is ignored. Strong zonation of detrital garnet 

derived from regional metamorphic rocks is rather scarce, and can lead to misclassification (Krippner 

et al., 2014). To estimate the impact of zonation and/or compositional intra-grain variability, Figure 6 

shows the discrimination results of all individual analyses (9–20 spots per grain) for coesite- and 

diamond-bearing garnet grains that have not been classified as being sourced from eclogite-facies 



rocks by mean probabilities after Tolosana-Delgado et al. (2018) and mean votes after Schönig et al. 

(2021a) (cf. Fig. 5). In both schemes, most analyses are still classified as granulite- or amphibolite-

facies garnet, but ~15 % and ~7 % are assigned to the eclogite facies, respectively (Fig. 6). 

Transferring this to the number of grains, this corresponds to an increase in UHP garnet assigned to 

the class of eclogite-facies garnet from 81 to 90 % for the scheme of Tolosana-Delgado et al. (2018) 

and from 87 to 92 % for the scheme of Schönig et al. (2021a). However, this increase in success is 

laborious as the number of electron microprobe analyses considered has been increased from 155 to 

1,439, that is by >800 %. Consequently, although zonation and/or compositional intragrain variability 

is an issue, it is more efficient from a statistical perspective to pre-screen a larger number of grains by 

one spot and accept that some UHP grains may be sorted out than pre-screening a smaller number of 

grains by multiple spots. 

[insert Figure 6, two-column fitting image] 

Such a geochemical pre-screening technique becomes particularly powerful for large 

catchments that drain a variety of potential garnet source rocks. A striking example is sample JS-Erz-

14s of Schönig et al. (2019, 2020). This modern sand sample represents erosional material from a 

regional river catchment that drains an area >500 km
2
, comprising the UHP terrane of the central 

Saxonian Erzgebirge as well as the surrounding nappes of lower metamorphic grade. A total of 300 

inclusion-bearing garnet grains have been investigated regarding inclusion assemblages, comprising 

100 grains from each, the 63–125 µm, 125–250 µm, and 250–500 µm grain-size fraction. Coesite 

inclusions occur in six of the grains, two from the 125–250 µm fraction and four from the 250–500 µm 

fraction. In addition, one diamond-bearing garnet has been found in the 250–500 µm fraction. Figure 7 

shows the discrimination results of all inclusion-bearing garnets in the ‗setting and metamorphic 

facies‘ scheme after Schönig et al. (2021a). Grains that contain UHP mineral inclusions (coesite or 

diamond) and grains that do not contain UHP inclusions are marked individually for the different 

grain-size fractions. Votes in the ‗setting‘ plot (Fig. 7, upper diagram) assign the majority of garnets 

(96 %) to a metamorphic source. For these garnets, individual votes for the four metamorphic-facies 



classes are shown in the ‗metamorphic facies‘ plot (Fig. 7, middle diagram). Considering a pre-

screening where all garnet grains that are not assigned to the eclogite/ultrahigh-pressure class are 

sorted out, ~56 % of all grains are excluded prior to inclusion analysis (Fig. 7, lower diagram), being 

accompanied by a considerable saving of analytical time. Thereby, all UHP garnets from the 125–250 

µm as well as 80 % of the 250–500 µm fraction are maintained. The rate is even more impressive 

when the grain-size fraction with the most potential (250–500 µm; Section 3.4.1.) is considered 

individually, where ~78 % of the grains are sorted out by maintaining 80 % of the UHP garnets. 

[insert Figure 7, single-column fitting image] 

3.4.3. Hyperspectral three-dimensional Raman imaging 

Analyzing inclusions in a large number of detrital mineral grains by manually focusing on the 

individual inclusions is a time-consuming procedure (Schönig et al., 2021b). In addition, to run labs 

efficiently, techniques that enable automatic acquisition of data beyond user active hours are highly 

welcome. Raman imaging by largely automated systems provide this option. Figure 8 shows a 

hyperspectral cuboid acquired from a 70 × 60 × 20 µm garnet volume at three different resolutions. 

[insert Figure 8, two-column fitting image] 

Analysis was performed at the Geosciences Center Göttingen, Germany. The experimental 

setup includes a WITec alpha 300R fiber-coupled ultra-high throughput Raman spectrometer, a 

532 nm laser, an automatically adjusted laser power of 20 mW, a 300 l×mm
−1

 grating, a 100× long 

working distance objective with a numerical aperture of 0.75, an acquisition time of 20 ms per 

spectrum, and an electron multiplying charge-coupled device. The cuboid with the highest resolution 

(step size of 0.25 × 0.25 × 0.25 µm) offers many details, including the thin rim of quartz in the largest 

inclusion and the detection of a very small coesite inclusion with a size of <2 µm. However, the total 

duration of the experiment of >40 hours is inefficient for the objective of detecting and identifying 

inclusion in a large number of garnets. By adjusting the step size to 1.00 × 1.00 × 1.00 µm, the 



smallest inclusion is not detected but all other inclusions as well as the bimineralic character of the 

largest are detected. This also holds for a step size of 2.00 × 2.00 × 2.00 µm, whereby the total 

duration is only ~7 min. This setup was tested on several detrital garnet grains from the Saxonian 

Erzgebirge, revealing that most mineral inclusions ≥4 µm are confidently identified. Smaller 

inclusions ≤3 µm are identified for strong Raman active phases like coesite, quartz, diamond, and 

rutile. For the coesite-bearing garnet grains from the Erzgebirge, 84 of the 93 garnets (~90 %) have at 

least one coesite inclusion ≥3 µm. Thus, hyperspectral Raman imaging offers a great option to reduce 

the user-assisted analytical time needed for inclusion analysis. 

4. Other potential UHP host minerals

Besides garnet, coesite and diamond inclusions have been frequently detected in other host minerals 

like zircon (e.g. Parkinson and Katayama, 1999; Massonne, 2003), clinopyroxene (e.g. Smith, 1984; 

Shatsky and Sobolev, 1993), and chromite (e.g. Robinson et al., 2004; Yamamoto et al., 2009). In 

addition, they were also found in tourmaline (e.g. Ota et al., 2008; Marschall et al., 2009), rutile (e.g. 

Hart et al., 2016; Rezvukhina et al., 2021), kyanite (e.g. Massonne, 2003; Taguchi et al., 2019), titanite 

(Ogasawara et al., 2002), zoisite (Shatsky and Sobolev, 1993), epidote (Zhang et al., 1995), and 

dolomite (Zhang and Liou, 1996). 

For the sedimentary record of UHP metamorphism, the so-called ultrastable minerals are of particular 

importance, namely zircon, rutile, and tourmaline. These are common in high-grade metamorphic 

rocks, and due to their extreme stability against mechanical abrasion and chemical weathering, they 

are also common phases in mature clastic sediments and sedimentary rocks (e.g. Hubert, 1962). 

Additionally, they survive in deeply buried sedimentary successions (>3000 m), at depths were garnet 

(especially grossular-rich garnet) may break down by intrastratal solution (e.g. Morton and 

Hallsworth, 1999). Thus, these ultrastable minerals have high potential to archive UHP metamorphism 

in the sedimentary record. 

4.1. Zircon 



In addition to the possibility of screening very mature sediments on the presence of erosional 

material sourced from UHP rocks, a major advantage of finding UHP inclusion in detrital zircon is the 

straightforward application of geo- and thermochronometric methods. The low contents of non-

radiogenic lead and the high closure temperature of >900 °C (Dahl, 1997) make zircon the most 

commonly utilized mineral for determining crystallization ages (e.g. Corfu et al., 2003). This is 

nowadays routinely performed by, for instance, laser ablation inductively coupled plasma mass 

spectroscopy (e.g. Frei and Gerdes, 2009) or secondary ion mass spectroscopy (e.g. Ireland and 

Williams, 2003). Furthermore, simultaneous analysis of rare-earth-element (REE) concentrations 

enables to discriminate mantle and crustal zircon. Compared to crustal zircon, zircon from mantle 

rocks shows low REE concentrations, a flat REE pattern, and low thorium and uranium contents 

(Belousova et al., 1998, 2002; Hoskin and Ireland, 2000). Combining those high-spatial-resolution 

techniques with cathodoluminescence and/or back-scattered-electron imaging enables to directly link a 

growth zone of a detrital zircon that contains coesite and/or diamond to a specific metamorphic event 

that includes deep subduction of continental crust (Wan et al., 2005). Notably, caution must be taken 

to rule out a secondary origin of UHP mineral inclusions (pseudo-inclusions) as demonstrated by 

coesite inclusions found in magmatic zircon that were introduced during UHP metamorphism via 

cracks that provide fluid pathways (Gebauer et al., 1997; Zhang et al., 2009; Schertl et al., 2019). In 

addition, diamond abrasives should not be used during sample preparation to avoid contamination-

related misinterpretations (Dobrzhinetskaya et al., 2014). 

Besides the determination of UHP crystallization ages, thermochronological methods can be 

applied, that is the determination of cooling ages by zircon fission track (e.g. Kohn et al., 2019) or (U-

Th)/He dating (e.g. Reiners, 2005). Both methods may be combined with U–Pb crystallization ages 

derived from the same grain (Carter and Moss, 1999; Rahl et al., 2003; Reiners et al., 2004, 2005; 

Campbell et al., 2005; Bernet et al., 2006; McInnes et al., 2009; Evans et al., 2013), enabling 

estimation of exhumation rates (e.g. Enkelmann et al., 2008; Wang et al., 2014). In addition, the 

titanium content in zircon mainly depends on temperature and to lesser extent on pressure, allowing 

estimation of crystallization temperatures (Watson and Harrison, 2005; Watson et al., 2006; Ferry and 

Watson, 2007). 



Despite the wealth of information provided by zircon, the applicability of using inclusions in 

zircon to trace the erosion of UHP rocks is hampered by the strong dilution of high-grade 

metamorphic zircon in the sediment factory. First of all, most zircon is formed in intermediate–felsic 

igneous rocks, and thus igneous zircon dominates the detrital record (e.g. Balica et al., 2020). 

Secondly, the timing of zircon growth in metamorphic systems is a further aggravating factor. 

Zirconium mass balancing models indicate that zircon in equilibrium with co-existing mineral phases 

primary dissolves on the prograde metamorphic path and mainly grows during exhumation and 

cooling, thus often postdates peak-pressure conditions (Kohn et al., 2015). However, prograde growth 

of zircon from fluids is facilitated by dehydration reactions (e.g. Gauthiez-Putallaz et al., 2016). In 

addition, dissolution of inherited zircon and formation of new metamorphic zircon from released 

zirconium (dissolution–precipitation process) enables prograde zircon growth in a virtually closed 

system without the need of significant amounts of free fluids with high zirconium solubility (e.g. 

Tomaschek et al., 2003; Rubatto et al., 2008). Inclusions of coesite and/or diamond in zircon of the 

Kokchetav massif (e.g. Parkinson and Katayama, 1999; Hermann et al., 2001), the Saxonian 

Erzgebirge (Massonne, 2003; Massonne et al., 2007), and the Qinling–Dabie–Sulu Orogen (e.g. 

Parkinson and Katayama, 1999; Ye et al., 2000; Liu et al., 2008) demonstrate the growth of zircon at 

UHP conditions, and the preservation of those zircons in the sedimentary record (Chen et al., 2005). 

Thus, from a detrital perspective, finding an efficient pre-screening technique to get rid of the 

overwhelming amount of igneous and low-pressure metamorphic zircon poses the major challenge. 

To discriminate magmatic from metamorphic zircon, considering the zoning pattern and the 

ratio of thorium-to-uranium are simple and powerful tools. The majority of magmatic zircon shows 

oscillatory zoning and thorium-to-uranium values >0.1, while metamorphic zircons show values <0.1 

(Rubatto and Gebauer, 2000; Belousova et al., 2002; Rubatto, 2002; Grimes et al., 2015). Notably, this 

threshold should be used with caution (Harley et al., 2007; Rubatto, 2017; Yakymchuk et al., 2018), as 

several cases of metamorphic zircon with higher thorium-to-uranium ratios have been reported 

(Pidgeon, 1992; Vavra et al., 1996, 1999; Carson et al., 2002; Möller et al., 2002, 2003; Hokada and 

Harley, 2004; Kelly and Harley, 2005; Ewing et al., 2013; Korhonen et al., 2013; Stepanov et al., 

2016). However, a compilation by Rubatto (2017) shows that by far the most UHP zircons have a 



thorium-to-uranium ratio <0.2, and higher values are restricted to rare cases of ultrahigh-temperatures 

(UHT) at UHP conditions (Stepanov et al., 2016). This is related to the high solubility of monazite in 

melts produced at UHT metamorphic conditions (Stepanov et al., 2012, 2014), leading to thorium 

enrichment in zircon crystallized from the UHT melt (Rubatto, 2017). 

In addition to the thorium-to-uranium ratio, REE patterns are potentially useful to identify 

HP/UHP metamorphic zircon. First, HP/UHP zircon primary crystallizes in the presence of garnet. As 

garnet preferentially incorporates heavy REEs (HREE), co-genetic zircon is characterized by a flat 

HREE pattern (e.g. Rubatto, 2002, 2017, and references therein). Notably, a similar pattern can also be 

produced by abundant co-existing orthopyroxene that is able to incorporate high amounts of HREE 

(Fornelli et al., 2014). Second, albite – a main carrier of europium – breaks down in the HP blueschist 

and eclogite facies to form quartz and jadeite (Holland, 1980), leaving an europium-enriched effective 

bulk-rock composition. Thus, zircon crystallized at eclogite-facies condition is often characterized by 

a weak or absent negative europium anomaly (e.g. Rubatto, 2002; Baldwin et al., 2004), but 

exceptions exist for bulk-rock compositions with very strong depletion in europium or enrichment in 

HREE (Rubatto, 2017, and references therein). It is important to mention that deeply crystallized 

magmatic zircon also shows a less pronounced negative europium anomaly due to the decreasing 

stability of plagioclase and increasing stability of garnet and amphibole (Tang et al., 2021a). This 

observation has been used to infer crustal thickness through time on a regional and global scale (Tang 

et al. 2021a, 2021b). 

In summary, a statistically-based pre-selection scheme to enrich the strongly diluted detrital 

zircons sourced from HP/UHP metamorphic rocks should consider a combination of indicators. 

Particularly, an absence of oscillatory zoning, a low thorium-to-uranium ratio, a flat HREE pattern, 

and a weak or absent negative europium anomaly constitutes a high probability of facing zircon of 

HP/UHP origin. 

4.2. Rutile 



In contrast to zircon, rutile growth is more common in HP metamorphic rocks and less common 

in mantle rocks, igneous rocks, hydrothermal systems (e.g. Force, 1980; Zack and Kooijman, 2017). 

Consequently, rutile of high-pressure metamorphic origin is inherently enriched in the sediment 

factory and rutile growth at UHP conditions is confirmed by reports of coesite (Hart et al., 2016) and 

diamond inclusions (Massonne, 2003; Rezvukhina et al., 2021). Furthermore, the chemical 

composition of rutile enables to discriminate (i) mantle rutile by higher aluminum and magnesium 

contents (Smythe et al., 2008) as well as higher zirconium to hafnium ratios (Pereira et al., 2019) 

compared to crustal rutile, and (ii) igneous and hydrothermal rutile from metamorphic rutile by 

concentrations and ratios of niobium, tantalum, zirconium, hafnium, tungsten, antimony, zinc, 

vanadium, chromium, and iron (Clark and Williams-Jones, 2004; Agangi et al., 2019; Pereira et al., 

2019). 

A tremendous advantage of considering rutile as detrital UHP recorder is the possibility to date 

the specific metamorphic event in the U–Pb system even when zircon growth at UHP conditions was 

lacking. While zircon may miss specific metamorphic stages (Thiessen et al., 2019) or even entire 

tectonothermal events (Moecher and Samson, 2006; Krippner and Bahlburg, 2013), rutile typically 

records the last orogenic event (von Eynatten and Dunkl, 2012, and references therein). This is 

because rutile is prone to break down and form low-pressure titanium-rich phases like titanite, 

ilmenite, or biotite during subsequent metamorphic cycles even at greenschist-facies conditions (Zack 

et al., 2004a; Luvizotto et al., 2009; Luvizotto and Zack, 2009; Meinhold, 2010; Triebold et al., 2012). 

In comparison to zircon, important to note is the much lower U–Pb closure temperature of 400–600 °C 

(Vry and Baker, 2006; Kooijman et al., 2010; Blackburn et al., 2011; Zack et al., 2011). Thus, rutile 

U–Pb ages primarily reflect cooling ages of UHP rocks, except for extremely low geothermal 

gradients. 

In addition, finding coesite or diamond inclusions in detrital rutile is particularly attractive to 

enhance information about the UHP source rocks. Niobium versus chromium contents are useful for 

discriminating mafic versus felsic sources (Zack et al., 2004a; Triebold et al., 2007; Meinhold et al., 

2008; Triebold et al., 2012), whereby a felsic source can further be supported by a large spread and on 

average elevated Hf concentrations (Meinhold, 2010). Rutile further serves as a thermometer, due to 



the temperature-dependent partitioning of zirconium when co-existing with zircon and quartz (Zack et 

al., 2004b; Watson et al., 2006; Tomkins et al., 2007, Kohn, 2020). Notably, niobium versus 

chromium host-rock classification and zirconium-in-rutile thermometry are not always valid for 

temperatures >900°C (Kooijman et al., 2012; Hart et al., 2018, and references therein). 

Challenging factors for analyzing mineral inclusions is the intrinsic color of rutile (less 

transparent than garnet and zircon) and the intense Raman activity. This hampers the optical inclusion 

detection and obscures the Raman signal emitted by the inclusions. Thus, analytical techniques 

probably have to be customized, for example by grinding/polishing in several steps and/or by 

significantly reducing the analyzed volume by using shorter laser wavelength and higher numerical 

apertures. Regardless of this minor shortcoming to be tackled, rutile has a high potential for detrital 

UHP studies with regard to source rock chronology, thermometry, and composition. 

4.3. Tourmaline 

Tourmaline is a common mineral in metasedimentary rocks, but is even more common in felsic 

igneous rocks (e.g. Henry and Guidotti, 1985; von Eynatten and Dunkl, 2012). Although scarce, 

tourmaline growth at UHP conditions is indicated by quartz pseudomorphs after coesite in tourmaline 

of the Dora Maira Massif in the Western Alps (Ertl et al., 2010) and coesite-bearing tourmaline from 

Lago di Cignana in the Western Alps (Reinecke, 1991; Bebout and Nakamura, 2003) and the Saxonian 

Erzgebirge in the Northeastern Bohemian Massif (Marschall et al., 2009). In addition, diamond-

bearing tourmaline is reported from the Kokchetav Massif in Kazakhstan, although tourmaline growth 

in the diamond stability field is uncertain (Ota et al., 2008). 

Major element chemistry is useful to discriminate metamorphic from igneous tourmaline. 

Metamorphic tourmaline shows high proportions of Mg compared igneous tourmaline, and igneous 

tourmaline additionally has high concentrations of Al, Fe, and Li (Henry and Guidotti, 1985; von 

Eynatten and Gaupp, 1999; Morton et al., 2005; Trumbull et al., 2009). In addition, boron isotopes can 

provide valuable source rock information (Guo et al., 2021). The high closure temperature in isotopic 

systems like K–Ar, 
40

Ar–
39

Ar, Rb–Sr, Sm–Nd, and U–Th–Pb also provide the opportunity for 



geochronological dating of tourmaline (Marschall and Jiang, 2011), although this has not been utilized 

much yet (e.g. Martínez-Martínez et al., 2010). 

5. Fields of application

5.1. Exhumation history of UHP terranes 

Sedimentary provenance analysis commonly aims at reconstructing the exhumation history of orogens 

in the hinterland by investigating sedimentary successions of foreland basins. As a major advantage, 

the timing of exhumation and sometimes even rates may be constrained by stratigraphic means. 

However, identifying the metamorphic grade of eroded source rocks is challenging because most 

grains lost their paragenetic context. Thus, unless gravel-sized material is available, diagnostic 

associations of minerals in mutual grain contact, i.e. metamorphic mineral assemblages, cannot be 

observed and information must be extracted from detrital single grains (von Eynatten and Dunkl, 

2012). 

While a distinct change in the heavy mineral assemblage may mark the onset of metamorphic 

input into a basin, for instance by the first significant appearance of metamorphic minerals like 

epidote, garnet, and/or hornblende, the exposure of HP and UHP units in the hinterland is often 

difficult to assess, especially in mature sedimentary successions. Diagnostic index minerals, like 

omphacite, glaucophane, and lawsonite for HP metamorphism or coesite and diamond for UHP 

metamorphism, are rarely archived in the sedimentary record. Often these minerals are either replaced 

by low-pressure phases during exhumation of their initial source rocks, or, when preserved and 

exposed to the surface, they progressively disappear when subjected to processes of the sedimentary 

cycle such as weathering and transport. Therefore, in most cases single-grain techniques like the 

determination of the Si content in white mica (e.g. von Eynatten et al., 1996; Grimmer et al., 2003), 

garnet chemistry (e.g. Morton, 1985; Krippner et al., 2016), rutile chemistry (e.g. Triebold et al., 2007; 

Meinhold et al., 2008) or the comparison of chronological data with known ages from potential source 

rocks (e.g. Li et al., 2005; Weislogel et al., 2006) are applied to detect the exposure and erosion of 

high-grade metamorphic rocks. Although these methods are generally suitable to evaluate the 



exhumation history of crystalline rock packages, detailed information on exhumation stage and 

metamorphic grade of exposed rocks is open for interpretation. 

In contrast, by applying the concept of analyzing inclusions in mechanically and chemically 

stable host minerals, the first supply of material sourced from HP/UHP metamorphic rocks can be 

pinpointed, even in mature sediments. The host mineral shields inclusions from retrogression and 

modifications during surface weathering, transport, and burial diagenesis. Inclusions of omphacite in 

garnet directly reflect an eclogitic source and thus the exposure and erosion of HP rocks in the source 

area (Schönig et al., 2018b). Although not reported from the detritus so far, inclusions of glaucophane 

or lawsonite would reflect low-temperature HP source rocks. Continued exhumation and exposure of 

UHP rocks can be verified by inclusions of coesite and, at higher pressures, diamond (Schönig et al., 

2018a, 2019, 2020; Baldwin et al., 2021). This opens new opportunities to investigate the timing of 

exposure of HP and UHP rocks, respectively, and trace the exhumation history, for example by 

estimating the exhumation rates of ancient HP/UHP terranes. 

5.2. Modern-style plate tectonics in Earth history 

Plate tectonics is a unique feature of planet Earth (e.g. Stern, 2018; Dewey et al., 2021), driven by the 

global-scale operation of subduction, i.e., the sinking of cold dense lithosphere into the mantle 

(Forsyth and Ueda, 1975; Conrad and Lithgow-Bertelloni, 2002). Thus, the time interval where 

subduction started to exert a dominant control on continental crust generation and preservation marks 

the onset of plate tectonics (e.g. Dhuime et al., 2012; Hawkesworth et al., 2016), whereby the 

transition from local- to global-scale subduction might have been a long-term process (Bercovici and 

Ricard, 2014). Several lines of arguments, like the first appearance of paired metamorphic belts 

(Brown, 2006, 2014), the formation of large continental masses (e.g. Korenaga, 2013; Hawkesworth et 

al., 2016; Reimink et al., 2021), the decrease in the rate of continental growth (e.g. Belousova et al., 

2010; Dhuime et al., 2012, 2015, 2017; Spencer et al., 2017), geochemical data (Cawood et al., 2006; 

Shirey and Richardson, 2011; Tang et al. 2016; Satkoski et al., 2017), and petrological-

thermomechanical numerical modelling (Sizova et al., 2010) indicate an onset of subduction in the 

Mesoarchean to early Paleoproterozoic (e.g. Brown et al., 2020; Palin et al., 2020). In contrast, some 



authors argue for an even earlier onset of subduction during late Hadean to early Archean times (e.g. 

Komiya et al., 1999; Nutman et al., 2002, 2020; Hopkins et al., 2008, 2010; Pease et al., 2008; Shirey 

et al., 2008; Ernst, 2017; Greber et al., 2017; Maruyama et al., 2018), and others argue for an onset as 

late as the Neoproterozoic (Stern, 2005; Hamilton, 2011; Stern et al., 2016). 

While Hadean to early Archean plate tectonic phenomena may be related to local subduction in 

an otherwise global stagnant-lid regime (Toth and Gurnis, 1998; Gurnis et al., 2004; Ueda et al., 2008; 

Burov and Cloetingh, 2010; Gerya et al., 2015; Davaille et al., 2017; O‘Neill et al., 2018; Brown et al., 

2020), the key argument for a late (Neoproterozoic) onset of plate tectonics is the lacking evidence for 

ophiolites, low T/P rocks, and UHP rocks from the geological record prior to that time (Stern, 2005). 

Important to note is that low T/P and UHP rocks define the modern-style of plate tectonics that 

includes cold and deep subduction, and not plate tectonics in general which may has operated with 

global-scale subduction under warmer conditions and shallower depths (Brown, 2006; Sizova et al., 

2010, 2014; Hawkesworth et al., 2016; Brown and Johnson, 2018; Holder et al., 2019) in response to 

higher potential mantle temperatures (Davies, 2009; Korenaga, 2013; Condie et al., 2016; Ganne and 

Feng, 2017). Thus, the Neoproterozoic can only be considered as may marking the onset of modern-

style plate tectonics. However, pre-Neoproterozoic ophiolites exist (Scott et al., 1992; Peltonen et al., 

1996; Dann, 1997) and many works report Paleoproterozoic low T/P rocks indicative for modern-style 

plate tectonics (Möller et al., 1995; Collins et al., 2004; Mints et al., 2010; Ganne et al., 2012; 

Dokukina et al., 2014; Glassley et al., 2014; Perchuk and Morgunova, 2014; Weller and St-Onge, 

2017; François et al., 2018; Müller et al., 2018a, 2018b; Xu et al., 2018; de Oliveira Chaves and 

Porcher, 2020). In addition, a lower proportion of low T/P rocks in the pre-Neoproterozoic may be 

related to the fragmentary geological record through time (e.g. Goodwin, 1996), including biased 

preservation due to erosion, retrograde metamorphism, and supercontinent cycles (e.g. Wei and 

Clarke, 2011; Cawood and Hawkesworth, 2014; Weller and St-Onge, 2017; Keller and Schoene, 2018; 

Chowdhury et al., 2021). 

In conclusion, indications for modern-style plate tectonics in the Paleoproterozoic are 

convincing, but whether these are local or global phenomena and whether deep subduction to UHP 

conditions was involved are unresolved issues, especially when considering the fragmentary 



crystalline rock record (e.g. Goodwin, 1996), the supposed higher metamorphic gradients (Holder et 

al., 2019), and the oldest evidence for UHP metamorphism in the form of coesite at ~620 Ma (Jahn et 

al., 2001). To tackle these issues, large regions have to be screened on the presence of low T/P and 

UHP rocks and also material sourced from eroded orogens should be considered to utilize the entire 

geological record. As targeted field mapping and thin-section analysis to find UHP relicts suffers in 

screening large rock volumes and is limited to the preserved crystalline rock record, benefits of the 

technique of analyzing inclusions in detrital minerals (e.g. garnet), as reviewed here, are becoming 

increasingly important. Thus, this method represents a complimentary and preferable approach to trace 

UHP metamorphism, and consequently modern-style plate tectonics, through the Precambrian 

geological record. 

5.3. Elastic thermobarometry 

By considering the elastic interactions between mineral host–inclusion pairs, elastic 

thermobarometry aims in determining the P–T conditions of inclusion entrapment. Because this 

method is independent from chemical equilibrium of a mineral assemblage (Angel et al., 2015; 

Mazzucchelli et al., 2018), it is particularly attractive for estimating P–T conditions of host-mineral 

crystallization in the UHP field, where phase transformations are rare and only roughly reflect minimal 

conditions, i.e. >2.9 GPa for coesite, >4 GPa for diamond, and >7 GPa for stishovite at T = 800 °C 

(e.g. Bundy, 1980; Bose and Ganguly, 1995; Yong et al., 2012). In addition, elastic thermobarometry 

can be applied to detrital inclusion-bearing mineral grains that otherwise mainly lost their paragenetic 

context (Baldwin et al., 2021). Such elastic approaches require (i) knowledge of the essential host–

inclusion parameters, which includes the equation of state parameters, the elastic tensor, and the 

phonon-mode Grüneisen tensor (Angel et al., 2014, 2019); and (ii) determination of inclusion strains 

resulting from different thermoelastic properties of host–inclusion pairs, calculation of the mean stress 

(i.e. inclusion pressure), and calculation of the isomeke, that is a curve in P–T space along which both 

the host and inclusion have the same fractional volume change and therefore are in mechanical 

equilibrium (Angel et al., 2015, 2017, 2019; Murri et al., 2018; Mazzucchelli et al., 2021). These 



elastic models are successfully developed for elastically anisotropic mineral inclusions, such as quartz 

and zircon, entrapped in a quasi-elastically isotropic host minerals, such as garnet and diamond, and 

applied in several studies and in combination with other thermobarometric methods (e.g. Gonzalez et 

al., 2019, 2020; Zhong et al., 2019; Alvaro et al., 2020; Spear and Wolfe, 2020). 

The field of elastic thermobarometry is developing rapidly, and a recently introduced theoretical 

model for anisotropic mineral inclusions in anisotropic host minerals by Gonzalez et al. (2021) gives 

cause for optimism to study more complex host–inclusion systems in future. However, the subject of 

coesite-in-garnet has not been touched so far. First of all, the elastic properties of coesite are 

anomalous and poorly constrained (Angel et al., 2001, 2003; Chen et al., 2015). Secondly, the partially 

strongly anharmonic behavior and lower symmetry of coesite (monoclinic) compared to quartz 

(trigonal, hexagonal) and zircon (tetragonal) require complex and resource-intense density-functional 

theory simulations to determine the phonon-mode Grüneisen tensor components (e.g. Zicovich-Wilson 

et al., 2004; Prencipe et al., 2012). In addition, the lower symmetry of coesite introduces further 

complexity to determine the unit cell parameters via single-crystal x-ray diffraction. Thirdly, 

motivations have probably been hampered because it has been shown that optically monomineralic 

coesite inclusions often turned out to be bimineralic (coesite + quartz) when investigated by detailed 

Raman imaging, making the host-inclusion system a complex three-shelled model (e.g. Korsakov et 

al., 2007; Zhukov and Korsakov, 2015). However, transmission electron microscopy proved the 

occurrence of monomineralic coesite in kyanite (Taguchi et al., 2019) and garnet (Taguchi et al., 2021) 

of crystalline rocks from the Sulu Orogen and the Western Alps, making a two-component host–

inclusion model sufficient. 

The common occurrence of monomineralic coesite in the detrital garnet fraction (Schönig et al., 

2018a, 2019, 2020, 2021b; Baldwin et al., 2021) highlight the efficiency of the detrital approach to 

find a statistically significant number of monomineralic coesite inclusions. We hope this encourages 

experts to tackle the issue of elastic coesite-in-garnet thermobarometry, potentially providing new 

insights into the P–T evolution of UHP rocks, particularly when combined with titanium-in-coesite 

thermometry (Osborne et al., 2019). 



6. Summary

UHP metamorphism is directly linked to deep subduction processes characteristic for modern-style 

plate tectonics. Studying rocks that experienced these extreme conditions through time has so far been 

limited to the investigation of crystalline rocks. The novel approach of considering the sedimentary 

record as an archive for UHP metamorphism was recently introduced by Schönig et al. (2018a, 2019), 

and further applied by Schönig et al. (2020, 2021b) and Baldwin et al. (2021). These studies report the 

first findings of the unequivocal mineral indicators for UHP metamorphism, i.e. coesite and diamond, 

as inclusions in detrital single garnet grains sourced from crustal rocks. Mineral chemistry and co-

existing inclusions of the garnets are useful to characterize and discriminate different source 

lithologies, for instance felsic vs. mafic. The method of analyzing the detritus has several benefits 

compared to sampling crystalline rocks, mainly with regard to reducing the subjectivity of point 

sampling and the number of samples needed to cover large rock volumes, and the possibility to detect 

UHP terranes that have been exposed to the Earth‘s surface in the geological past. The possibilities of 

a mantle origin and/or recycling have to be carefully considered before linking the detrital signal to 

deep subduction processes of a specific metamorphic event. Whereas garnet chemistry is appropriate 

to distinguish between crustal and mantle origin, the effect of recycling is more difficult to handle and 

depends on the specific case study. In general, the detritus can provide an overview of the 

characteristics and distribution of UHP rocks and/or their erosional products. UHP detritus may be 

linked to deep subduction processes of a specific orogenic event and may be used to plan further 

investigation of the crystalline rock record, provided that they have not yet been eroded. 

Future enhancements of the method include a reduction of the analytical time needed and 

increasing the information value obtained from the detrital UHP grains. This will be achieved by 

focusing on garnets of a specific grain-size range and composition, and by considering ultrastable 

minerals as hosts for UHP inclusions. Zircon, rutile, and tourmaline offer great potential for source 

rock discrimination, geochronology, and thermochronology. In particular, in situ geochronologic 

methods are important to assign detrital grains containing UHP inclusions to a specific metamorphic 

event. In addition, hyperspectral Raman imaging represents an option to reduce the user-assisted 

analytical time. 



Overall, the findings and potential enhancements regarding the method of tracing UHP 

metamorphism in the sedimentary record provide an effective and complimentary approach for 

capturing the distribution and characteristics of UHP rocks exposed on the Earth‘s surface at the time 

of sediment generation and deposition. This opens new opportunities to search for UHP events in 

Earth‘s history and study the exhumation of UHP terranes. Furthermore, the abundance of 

monomineralic coesite inclusions in detrital mineral grains enables to systematically study the coesite-

to-quartz transformation and coesite preservation during exhumation. We may speculate that 

monomineralic coesite inclusions could allow to perform elastic thermobarometry in the future. 
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Figure captions 

Figure 1. Global map showing locations where detrital approaches have been applied to trace the 

erosion of UHP rocks. (A) Qinling–Dabie–Sulu Orogen (China) modified from Zhang et al. (2012); 

(B) Western Gneiss Region (Norway) modified from Root et al. (2005); Krippner et al. (2016), and 

Schönig et al. (2018a); (C) Saxonian Erzgebirge (Germany) modified from Linnemann et al. (2012) 

and Schönig et al. (2020); and (D) D‘Entrecasteaux metamorphic complex (Papua New Guinea) 

modified from Baldwin et al. (2021). 

Figure 2. Photomicrographs and Raman images of UHP inclusions in detrital garnet. (A) 

Monomineralic coesite inclusions. (B) Coesite inclusions partially transformed to quartz. (C) Diamond 

inclusions. White pixels correspond to inhomogeneities or unidentified phases. Parts are modified 

from Schönig et al. (2018a) for the Western Gneiss Region in Norway, from Schönig et al. (2019, 

2020, 2021b) for the Saxonian Erzgebirge in Germany, and Baldwin et al. (2021) for the 

D‘Entrecasteaux metamorphic complex in Papua New Guinea. 

Figure 3: Discrimination scheme classification for crustal vs. mantle origin of coesite- and diamond-

bearing detrital garnet. (A)  Graphical discrimination scheme of Hardman et al. (2018) for mean 

compositions of individual garnet grains. (B) Mean votes for ‗setting‘ classes of individual garnet 

grains using the ‗setting and metamorphic facies‘ model of Schönig et al. (2021a). IG – igneous; MS – 

metasomatic; MM – metamorphic; and MA – mantle. Garnet compositions of the Western Gneiss 

Region in Norway from Schönig et al. (2018a), of the Saxonian Erzgebirge in Germany from Schönig 



et al. (2019, 2020), and the D‘Entrecasteaux metamorphic complex in Papua New Guinea from 

Baldwin et al. (2021). 

Figure 4: Comparison of detrital UHP garnet composition with regard to source-rock composition. (A) 

Mean votes for ‗composition‘ classes of individual UHP garnet grains after Schönig et al. (2021a). 

IF/S – intermediate–felsic/metasedimentary; CS – calcsilicate; M – mafic; and UM – ultramafic. (B) 

Comparison of detrital UHP garnet mean composition and inclusion-assemblage with garnet from 

local crystalline rocks in the XFe+Mn–XMg–XCa ternary diagram (molar proportions). Garnet 

compositions and inclusion assemblages of the Western Gneiss Region in Norway from Schönig et al. 

(2018a), of the Saxonian Erzgebirge in Germany from Schönig et al. (2019, 2020, 2021b), and the 

D‘Entrecasteaux metamorphic complex in Papua New Guinea from Baldwin et al. (2021). Crystalline 

and detrital graphite- and omphacite-bearing garnet compositions shown as kernel density estimate 

maps, with bandwidths calculated after Venables and Ripley (2002). 

Figure 5: Prediction of metamorphic host-rock facies based on major-element composition of detrital 

coesite- and diamond-bearing garnet grains. (A) Discrimination according to mean probabilities after 

Tolosana-Delgado et al. (2018) using prior ‗equal-M‘. EC – eclogite facies; GR – granulite facies; and 

AM – amphibolite facies. (B) Discrimination according to mean votes of the ‗setting and metamorphic 

facies‘ model of Schönig et al. (2021a). BS/GS – blueschist/greenschist facies, AM – amphibolite 

facies; GR – granulite facies; and EC/UHP – eclogite/ultrahigh-pressure facies. Grey bars indicate an 

assignment to mantle rocks. Garnet compositions of the Western Gneiss Region in Norway from 

Schönig et al. (2018a), of the Saxonian Erzgebirge in Germany from Schönig et al. (2019, 2020, 

2021b), and the D‘Entrecasteaux metamorphic complex in Papua New Guinea from Baldwin et al. 

(2021). 

Figure 6: Prediction of metamorphic host-rock facies based on major-element composition of all 

individual analyses (9–20 spots per grain) for coesite- and diamond-bearing garnet grains that have not 

been classified as being sourced from eclogite-facies rocks in Figure 5. (A) Discrimination according 



to probabilities after Tolosana-Delgado et al. (2018) using prior ‗equal-M‘. EC – eclogite facies; GR – 

granulite facies; and AM – amphibolite facies. (B) Discrimination according to votes of the ‗setting 

and metamorphic facies‘ model of Schönig et al. (2021a). BS/GS – blueschist/greenschist facies, AM 

– amphibolite facies; GR – granulite facies; and EC/UHP – eclogite/ultrahigh-pressure facies. Grey

bars indicate an assignment to mantle rocks. Garnet compositions of the Western Gneiss Region in 

Norway from Schönig et al. (2018a), of the Saxonian Erzgebirge in Germany from Schönig et al. 

(2019, 2020, 2021b), and the D‘Entrecasteaux metamorphic complex from Baldwin et al. (2021). 

Figure 7: Discrimination results of all inclusion-bearing garnets from sample JS-Erz-14s after the 

‗setting and metamorphic facies‘ model after Schönig et al. (2021a). Shown are the mean votes for 

individual grains regarding ‗setting‘ (upper diagram), ‗metamorphic facies‘ (middle diagram), as well 

as their corresponding class assignment based on the majority vote (lower diagram). Symbols for UHP 

inclusion-bearing garnets are filled in bright green. IG – igneous; MS – metasomatic; MM – 

metamorphic; MA – mantle; BS/GS – blueschist/greenschist facies, AM – amphibolite facies; GR – 

granulite facies; and EC/UHP – eclogite/ultrahigh-pressure facies. Garnet compositions from Schönig 

et al. (2019, 2020, 2021b). 

Figure 8: Photomicrograph and three-dimensional hyperspectral Raman images of coesite-bearing 

garnet. Garnet number 90 from sample JS-Erz-3s (cf. fig. 2A of Schönig et al., 2019). See main text 

for instrumental setup. 
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