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implications for unravelling Earth’s geodynamic evolution, such as the onset of deep subduction.
Usually, UHP rocks are identified by specific mineral inclusions like coesite and characteristic
petrographic features resulting from its (partial) transformation to the lower-pressure polymorph
quartz in thin sections of crystalline rocks. This approach relies on very small sample size and is thus
limited to a few points within large regions. Here we present the first findings of coesite inclusions in
detrital mineral grains. The intact monomineralic inclusions were detected in garnets from a modern
sand sample from the Western Gneiss Region, SW Norway. They represent the first known intact
monomineralic coesite inclusions in the Western Gneiss Region, and their presence is suggested to
indicate the erosion of UHP rocks in the sampled catchment area. The novel approach introduced here
allows for tracing UHP metamorphic rocks and their erosional products at the catchment scale instead
of being limited to outcrops of crystalline rocks. It opens new avenues for the prospective exploration of
UHP metamorphism in Earth’s geological record.

The term ultrahigh-pressure (UHP) metamorphism refers to crustal rocks which experienced pressure-tempera-
ture (P-T) conditions high enough for the formation of coesite!, i.e., pressures of >2.6 GPa at 600 °C or >2.8 GPa
at 900 °C*-. Tracing UHP rocks and their corresponding terranes, which underwent these extreme conditions,
determining their areal extent and geodynamic context, and dating these events has major implications for our
understanding of the principal geodynamic processes that control the evolution of planet Earth in space and time.
In particular, the detection of the oldest UHP rocks is of extraordinary interest because they are considered to
mark the onset of deep (>100km) subduction in the rock record, i.e., the transition to the modern plate tectonics
regime®. So far, the oldest undoubted UHP terranes are of Neoproterozoic age”™, which forms a central argument
for the hypothesis that modern-style subduction tectonics had not taken place before'®!''. However, first indi-
cations of conditions close to, or within, the P-T field of UHP metamorphism experienced by Paleoproterozoic
crustal rocks are given by geobarometry, phase equilibria modelling, and exsolution textures'*"'3, but indisputable
UHP mineral indicators (coesite or certain metamorphic microdiamond) are still lacking for rocks older than
Neoproterozoic.

Ultrahigh-pressure terranes and mineral indicators

The first UHP terranes were discovered in 1984'%!7 and to date more than 30 occurrences are known'?, indicating
that UHP metamorphism is a common process in major orogenic cycles at least since the late Neoproterozoic"'°.
Although several UHP indicator minerals were identified in crystalline rocks during the last three decades, still
the most prominent indicators for the detection of UHP rocks are coesite and microdiamond. Particularly the
presence of coesite (or pseudomorphs after coesite) is crucial in most cases because coesite is (i) the high-pressure
polymorph of silica, which is abundant in most crustal rocks, and (ii) per definition present from the point where
UHP conditions are reached. The most critical factor in the preservation of coesite is the availability of fluids
during exhumation?. Unless fluids are almost absent along the retrograde path following UHP metamorphism?,
intergranular coesite will be replaced by quartz when P-T conditions drop below the quartz/coesite equilibrium
line. In contrast, inclusions of coesite enclosed in mechanically robust host minerals like zircon or garnet can
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Figure 1. Map showing the location of the studied area and the sampling location (modified from Krippner
et al.®). Left side shows an overview map of the region around Runde (indicated by the red box) including the
locations of UHP domains. Triangles mark known UHP occurrences southeast of Runde?®#*. Right side shows
the geology of Runde and the location of the beach-sediment and crystalline rock samples®.

persist up to surface conditions, because these host minerals sustain a certain inclusion overpressure compared to
the external (lithostatic) pressure'®*2. Consequently, the coesite inclusions are insulated from metamorphic fluids
as long as the host phase is intact (i.e., no fracturing) and thus shielded from the coesite to quartz transformation.
Often the inclusion overpressure exceeds the tensile strength of its host mineral at a specific point of the retro-
grade path, resulting in fracturing of the host, which connects the inclusion to the external conditions. This leads
to a delayed transformation into quartz associated with a volume expansion of roughly 10%"?%, whereas temper-
ature and fluid availability control the reaction kinetics®*?. The typical structures of the former monomineralic
coesite inclusions are either bimineralic SiO, inclusions with relictic coesite cores and fine-grained polycrystalline
(palisade) quartz rims or (if the degree of transformation is higher) monomineralic polycrystalline quartz inclu-
sions. Both types show radial expansion fractures originating from the inclusion/host boundary and spreading
out into the host mineral®.

Tracing ultrahigh-pressure terranes/rocks

When exploring a region regarding UHP metamorphic rocks, the general approach is to prepare thin sections
from crystalline rocks, which have been sampled for the highest potential to be equilibrated under UHP condi-
tions (mainly eclogites), and to seek for the typical structures of pseudomorphs after coesite under the polarisa-
tion microscope. Beyond obvious drawbacks due to the subjective selection of samples in the field, this method
suffers especially from (i) sampling only very small points from potentially huge rock volumes, (ii) preparing just
a few thin sections, which implies a high probability of missing the relevant structures, (iii) overlooking other
UHP indicators (including monomineralic coesite), (iv) overlooking other potential rocks due to overprinting,
and (v) being restricted to UHP rocks that still exist and are exposed at the Earth’s surface. The latter two are par-
ticularly unfavourable for the detection of old UHP terranes because the global metamorphic record is skewed
by overprinting and erosion'®. Of specific interest are also felsic rocks, which are often the dominant rock type in
UHP terranes enveloping the mafic pods (eclogites), and are very likely to have undergone pervasive overprinting
under lower pressure facies conditions during exhumation'3?*. Some of these felsic rocks potentially also crystal-
lised under UHP conditions, but they are rarely sampled and analysed regarding UHP metamorphism because
relicts of peak metamorphism are difficult to find by point sampling.

Here we present a new approach to detecting UHP metamorphic rocks/terranes. It is based on the first find-
ings of intact monomineralic coesite inclusions in detrital garnet grains from a beach-sediment sample (AK-N37)
taken at the mouth of a small stream on the southeast coast of the island of Runde (N62°23.341/, E5°38.252/,
Fig. 1)*°. The island is located at the north-western margin of the Sorgyane UHP domain within the Western
Gneiss Region (WGR) of southwest Norway?. The new approach avoids numerous drawbacks related to the tra-
ditional approach and provides a novel perspective on the prospective exploration of UHP metamorphic rocks/
terranes.
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Grain Coesite | Coesitesize | Raman main band | Raman shift Calculated inclusion
number | number | [pum X pm] position [cm~!] [em™1] pressure [GPa] Other mineral inclusions
24 1 55x%2.5 524.0 33 1.1 plagioclase
98 2 35x%x2.0 523.8 3.1 1.1 quartz, calcite
3 3.1x22 522.9 2.2 0.8
142 4 52x2.7 522.9 2.2 0.8 quartz, apatite
5 6.6 X 3.5 523.1 2.4 0.8
6 11.6x74 5234 2.7 0.9
7 98%6.1 523.2 25 09 quartz, rutile, kyanite,
’ ’ ’ . ’ clinopyroxene
209 8 6.5x 4.8 523.1 24 0.8 (diopside-omphacite),
mica (phlogopite-biotite),
9 6.4 x4.1 522.6 1.9 0.6 gypsum
10 6.0x5.3 523.1 24 0.8
11 2.8x1.7 523.1 24 0.8 quartz, feldspar,
sulphate-mineral,
378
12 10X 1.0 523.7 3.0 1.0 orthopyroxene
(probably enstatite)
452 13 25x 1.5 523.3 2.6 0.9 quartz

Table 1. Measured and calculated parameters of coesite inclusions in detrital garnet grains. See methods for
the procedure to determine the coesite size, the Raman main band position, the Raman shift, and the calculated
inclusion pressure.

Coesite inclusions in detrital garnet

Overall, 732 detrital garnet grains from three grain-size fractions were analysed for mineral inclusions, 249 from
the 63-125 um fraction, 239 from the 125-250 um fraction, and 244 from the 250-500 um fraction. 615 of the 732
analysed garnets (~84%) yield mineral inclusions >2 um, which were identified by Raman spectroscopy with a
focus on the presence of UHP mineral inclusions. Six of the analysed garnets exhibit UHP mineral inclusions in
the form of 13 intact monomineralic coesite inclusions. Four of the six coesite-bearing garnets (grains number 24,
98, 142, and 209) are from the finest grain-size fraction (63-125pm), two (grains number 378 and 452) are from
the medium fraction (125-250 pm), and no coesite inclusions were detected in the coarse fraction (250-500 um).
Most grains with coesite inclusions are single garnet grains, but grains number 24 and 98 are composed of garnet
in contact with plagioclase and quartz, thus represent lithoclasts from their respective source rocks (for simplifi-
cation in the following also termed as ‘grains’).

All detected coesite inclusions are small (<12 pm) and have a spheroidal or spherical shape. Furthermore, the
Raman spectra of all coesite inclusions show a shift of the main band to higher relative wavenumbers compared
to the main band position of measured relictic coesite cores in bimineralic SiO, inclusions in ruptured omphacite
detected in a thin section from a known UHP eclogite occurrence (AK-N12, N61°58.710", E5°14.063/)%. This
UHP eclogite is located at the harbour of Flatraket ~50 km southwest of the studied sample. Experienced UHP
conditions are recorded by bimineralic coesite/quartz inclusions (coesite relicts 50-300 um in size) in garnet” and
omphacite?® (Supplementary Figure 5), and also by polycrystalline quartz inclusions in garnet and omphacite”?.
Both inclusion types show the typical radial expansion fractures originating from the inclusion/host boundary
and spreading out into the host mineral (Supplementary Figure 5). The Raman main band shift of the monomin-
eralic coesite inclusion spectra varies between ~1.9 and 3.3 cm™, indicating inclusion overpressures of between
~0.6 and 1.1 GPa (see methods).

Except for grain number 24, quartz inclusions are also present in the grains, sometimes very close (<5um) to
the overpressured intact monomineralic coesite inclusions. All quartz inclusions that are adjacent to coesite are
larger than the coesite inclusions, often show fractures originating from the inclusion/host boundary spreading
out into the garnet host, and/or are connected to other inclusions by fractures. In Table 1 information about
the detected coesite inclusions are listed regarding host grain number, inclusion size, Raman main band posi-
tion, Raman main band shift, calculated inclusion pressure, and other mineral inclusions within the host grain.
Photographs and corresponding schematic illustrations are given for grains number 209 and 378 in different
z-positions of the focal plane in Figs 2 and 3. See Supplementary Information for a more detailed description of
the coesite-bearing garnets and Supplementary Figs 1-4 for photographs and schematic illustrations of grains
number 24, 98, 142, and 452.

Geochemically, the six coesite-bearing garnet grains are within the overall composition of detrital garnets
from the beach sample, given by the geochemical variability of ~50 analysed garnet grains from each of the
three grain-size fractions (Fig. 4, Supplementary Table 1). Thus, the garnet grains with coesite inclusions cannot
be geochemically distinguished from the bulk of detrital garnets. The coesite-bearing garnets, however, show
compositional variation among each other, particularly regarding grossular component. Within the single garnet
grains, compositional variation is mainly controlled by variation in pyrope content.

In the classical ternary discrimination diagram for metamorphic garnets® (Fig. 4, right side), composition of
grain number 209 plots well within the field of high-grade metamafic rocks (Ci), while composition of grain num-
ber 378 plots in the field of granulite-facies metasediments (A). The other coesite-bearing grains represent interme-
diate compositions between grain number 209 and 378, with grain number 142 and 452 closer to grain number 209
(also field Ci), and grain number 24 and 98 closer to grain number 378 (transition zone between fields Ciand A).

SCIENTIFICREPORTS | (2018) 8:2931 | DOI:10.1038/s41598-018-21262-8 3



www.nature.com/scientificreports/

Figure 2. Coesite and other mineral inclusions in detrital garnet (grain number 209). Grain photographed in
four different z-positions of the focal plane (z= 0 equates to the polished surface) and corresponding schematic
illustrations showing the mineral paragenesis. Out of focus zones are coloured in black. Blue characters indicate
electron microprobe measurement spots as designated in Supplementary Table 1. Abbreviations: Coe — coesite;
Cpx - clinopyroxene (diopside—omphacite); Grt — garnet; Gp — gypsum; Ky — kyanite; OM - organic matter;

Mc - mica (phlogopite-biotite); Qz — quartz; Rt — rutile. Note that techniques which are restricted to the polished
surface (z=0) would miss all detected coesite inclusions.

Derivation of the detrital coesite-bearing garnets from high-grade metamorphic source rocks (i.e. eclogite- or
granulite-facies rocks) becomes even more obvious when considering a recently developed multivariate statistical
discrimination scheme, which assigns to each garnet composition the probability of belonging to the three major
garnet-bearing metamorphic facies® (Fig. 4, upper left side). All grains are assigned with highest probability to
either eclogite- or granulite-facies rocks. Three grains (number 24, 98, and 378) are assigned to granulite-facies
rocks, one grain (number 209) to eclogite-facies rocks and two grains (number 142 and 452) scatter around the
boundary between eclogite- and granulite-facies rocks.

Coesite formation and preservation

As shown by several inclusion/host models, coesite inclusions in garnet cannot be produced from originally
captured quartz inclusions (particularly under conditions below the coesite stability field), because the differ-
ent thermoelastic behaviour of garnet and quartz leads to an inclusion underpressure during prograde meta-
morphism'$*>-%, Additionally, even if the quartz inclusion reaches the quartz/coesite equilibrium line (external
conditions have to be well above), coesite growth is prevented by the volume decrease during transformation®.
Consequently, if coesite is present as an inclusion in garnet, it must have been present as a matrix phase dur-
ing garnet growth under P-T conditions of the coesite stability field, which is per definition evidence for UHP
metamorphism.

Regardless of how precise the determination of the coesite main bands and the translation into inclusion
overpressures is, the systematic Raman shift of the coesite main bands to higher relative wavenumbers compared
to coesite relicts in inclusions in ruptured hosts is indisputable. Similar characteristics have been observed for
intact monomineralic coesite inclusions in garnets of crystalline rocks?>***’. This demonstrates that all detected
coesite inclusions are intact and still overpressured, implying that they never ruptured their garnet host and never
equilibrated with the external metamorphic conditions after UHP metamorphism.

Notably, the intact monomineralic coesite inclusions are often located directly adjacent to monomineralic
quartz inclusions. This configuration could reflect a capturing of the polymorphs during different metamorphic
stages®®38. However, because the quartz and coesite inclusions are often very close to each other (sometimes
<5um separation; Figs 2 and 3) and coesite is sometimes also located at several sites around quartz (Fig. 2), mul-
tiple rapidly changing conditions would be necessary to capture the different polymorphs during different met-
amorphic stages. Furthermore, at all metamorphic stages garnet has to grow, and the isolation of the inclusions
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Figure 3. Coesite and other mineral inclusions in detrital garnet (grain number 378). Grain photographed in

three different z-positions of the focal plane (z=0 equates to the polished surface) and corresponding schematic
illustrations showing the mineral paragenesis. Out of focus zones are coloured in black. Blue characters indicate
electron microprobe measurement spots as designated in Supplementary Table 1. Abbreviations: Afs — alkalifeldspar;
Coe - coesite; Opx — orthopyroxene (probably enstatite); Grt —garnet; Mc — mica (phlogopite-biotite); P1 -
plagioclase; Qz — quartz.

has to be very effective by a thin garnet cover of <5 pm. Because of the not existing systematic zonation of
quartz-to-coesite, such a scenario is considered rather unlikely. Instead, we suggest that adjacent quartz and
coesite inclusions were both originally captured as coesite, but only some were preserved and the others trans-
formed to quartz during exhumation. The dominating factors for the preservation of coesite are the P-T condi-
tions at entrapment, thermal properties of the host, the course of the exhumation P-T path, and the amount of
incorporated fluids'®23233, These factors, however, should be very similar for adjacent inclusions and probably
cannot explain the presence of coesite inclusions directly next to quartz inclusions. Because all detected coesite
inclusions are spheroidal or spherical, their longest axes are always <12 um, and adjacent quartz inclusions are
always larger and/or connected to larger grains by fractures, we assume that the small inclusion size and the sphe-
roidal/spherical inclusion shape are responsible for their preservation. In contrast, inclusions which are larger
and/or angular have ruptured their host, equilibrated with the external conditions, and transformed to quartz.
Reasons for this are that a larger initial fracture length given by the inclusion size (increasing with size) and higher
stress concentrations at corners given by the inclusion shape (increasing with the degree of faceting) reduce the
inclusion overpressure necessary to rupture the host*.

Source of the coesite-bearing garnet grains

Because the beach-sediment sample was taken directly at the mouth of a small modern stream? and the absence
of any morphological features indicating influences of coastal currents, mixing with material transported along
shore can be neglected. Consequently, the sediment was almost exclusively derived from the catchment of the
stream (see Fig. 1). However, parts of this material may also have originated from reworked sediments or sedi-
mentary rocks located within the catchment. This would scale up the area where the initial source rocks might
have been located. In the sampled catchment, the sedimentary material could have been reworked from glacial
or older uplifted beach deposits. Older beach deposits are unlikely to make up a significant amount of eroded
material supplied to the modern beach because the southeast coast of Runde represents an uplifted coastal terrace
where uncovered local bedrock is exposed the first ~20 m above sea level®’. In contrast, above that terrace, glacial
deposits are known in the form of moraines and erratic blocks'**.. In general, moraine deposits in Norway mainly
belong to the last glaciation, where the region was covered by the Late Weichselian ice sheet*?~#*. Ice streams
which reached and passed Runde originated from the southeast roughly following the drainage route constrained
by the Voldafjorden* (Fig. 1, left side). This route passes through parts of the Sorayane UHP domain, where some
UHP rocks are known, like the coesite-bearing eclogites at Ulsteinvik and Fureya®®*® (Fig. 1, left side).
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Figure 4. Geochemical garnet compositions of detrital grains and two local crystalline rocks. The right

(large) ternary diagram considers the main endmembers almandine (Alm), spessartine (Sps), grossular

(Grs), and pyrope (Prp), according to the classification diagram for metamorphic garnets®. This includes the
discrimination fields for granulite-facies metasediments (A), amphibolite-facies metasediments (Bi + Bii),
intermediate acidic igneous rocks (Bi), high-grade metamafic rocks (Ci), ultramafic rocks (Cii), metasomatic
rocks and others (D). The distribution of data points for the crystalline rocks AK-N38 (eclogite, 58 data
points®®) and AK-N39-1 (garnet gneiss, 116 data points®®) are shown by envelopes. The overall detrital garnet
composition of the grain-size fraction 63-500 um (49 data points from 63-125 um fraction, 47 from the
125-250 um fraction, and 49 from the 250-500 um fraction) is outlined by the light yellow field (one outlier
excluded). Filled cycles show the composition of the coesite-bearing garnets at several measurement points (see
Figs 2 and 3, and Supplementary Figs 1-4). For each of these compositions the probabilities of belonging to the
major metamorphic host-rock groups (p, = eclogite-facies rocks, py = amphibolite-facies rocks, p. = granulite-
facies rocks) have been calculated and plotted (small ternary diagram in the upper left) using ‘equal-M’ as prior
probability!.

Because the crystalline bedrocks of the eastern part of Runde are extensively exposed*, the moraine deposits
are likely thin and/or restricted to the lower slopes. Therefore, significant contribution of garnet from reworked
glacial deposits within the small catchment at Runde is considered unlikely. Reworking within the sampled catch-
ment, however, cannot be entirely excluded and some coesite-bearing garnet may derive from other WGR UHP
rocks southeast of the island of Runde. This would imply that the source rocks of the coesite-bearing garnets were
initially located within a much larger glacial drainage basin than the small catchment at Runde and, consequently,
that the approach introduced here can also be applied to much larger catchments.

However, even if the garnets are derived from reworked sediments, these have to be located within the catch-
ment. To verify the location of the initial UHP garnet source rocks, local crystalline rocks and glacial deposits
within the catchment should be tested regarding garnet content and geochemistry, to compare the compositions
with that of the detrital coesite-bearing garnets.

Geochemical compositions as well as mineral inclusion assemblages of the garnets with monomineralic
coesite inclusions call for more than one UHP lithology as source. Important to note is that the information
derived from mineral inclusions in detrital garnets is limited to a mineral assemblage of just two phases, the host
garnet and one inclusion. This is because a single garnet grain can record multiple metamorphic stages, which
are difficult to distinguish in a detrital fragment. Therefore, the occurrence of diagnostic mineral assemblages
using more than one inclusion in garnet can only provide some hints, particularly if only a small number of
garnet grains are considered. Based on that, two source rock endmembers can be separated. The first is repre-
sented by garnet grain number 209, and the second by grain number 378 and likely grains number 24 and 98.
Because of the geochemical assignment to high-grade metamafic rocks in the classical discrimination diagram,
the compositional similarity to a local eclogite (AK-N38), the high probability of belonging to an eclogite-facies
source considering multivariate statistics (Fig. 4), and the inclusions made of clinopyroxene (diopside-ompha-
cite), kyanite, and rutile, we suggest an eclogitic source rock for garnet grain number 209. At Runde, numerous
pods of eclogite occur® which - with a few exceptions - have not yet been mapped. In contrast, grain number
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378 shows the geochemical signature of granulite-facies metasediments, high statistical probability of belonging
to a granulite-facies source (Fig. 4), and mineral inclusions of orthopyroxene (probably enstatite), feldspar, and
numerous quartz, which makes a high-grade felsic source rock much more likely than a mafic (eclogitic) source.
The same is suggested for grains number 24 and 98, although the assignments are less definite. Source rock
discrimination for grains number 142 and 452 is more difficult because the recorded information is less clear.
Geochemical contrasts to both source rock endmembers outlined above, however, suggest another high-grade
metamorphic source rock type for these garnet grains.

In summary, our findings of intact monomineralic coesite inclusions in detrital garnet grains represent
(i) the first evidence of UHP metamorphism inferred from detrital mineral grains and (ii) the first finding of
intact monomineralic coesite in the WGR of Norway. Geochemical composition of the coesite-bearing garnet
grains and other mineral inclusions besides coesite call for more than one crystalline source lithology, most
likely including felsic crystalline rocks. The sources of the coesite-bearing garnets were exposed within the small
catchment area at Runde, but may include glacial deposits, which in turn could have been sourced from a larger
region of the WGR. Because of the minor abundance of glacial deposits in the catchment area compared to the
extensively exposed crystalline rocks, we suppose that most (if not all) of the coesite-bearing garnets are derived
from crystalline rocks exposed within the local catchment. This would imply that at least one additional UHP
source rock exists on the island of Runde because, to date, only one UHP locality is known from the island of
Runde (eclogite pod with bimineralic coesite/quartz inclusions in garnet), which is located east of the catchment
area of the sediment sample investigated*>*® (Fig. 1).

Regardless of the small size of the study area, we have demonstrated that focusing on detrital minerals pro-
vides a complimentary and effective approach to capture the distribution and characteristics of UHP rocks
exposed at the surface at the time of sediment generation and deposition. Although, some uncertainties regard-
ing the location of the initial UHP source rocks within the sampled catchment may exist, particularly in regions
affected by glacial processes, the applied method is capable of tracing UHP metamorphic rocks and/or their
erosional products at the catchment scale.

Implications for tracing ultrahigh-pressure terranes/rocks

Tracing UHP metamorphic terranes/rocks by analysing the inclusions of detrital minerals such as garnet has
major advantages over looking for petrographic evidence in crystalline rocks. First of all, large catchment areas
can be covered systematically with a few sediment samples, allowing the detection of UHP metamorphism in
large rock volumes that equilibrated only locally under UHP conditions (for example, due to small-scale fluid
infiltration®). Identifying these locations in crystalline rocks can be very challenging and time-consuming, par-
ticularly in large regions and when the rocks are strongly altered, covered by soil, or otherwise poorly accessible.
Moreover, UHP metamorphic rocks frequently undergo multi-phase metamorphism, and the earlier stages are
typically not visible in the field*”. Many potential UHP rocks, especially felsic rocks, were likely never analysed
regarding UHP metamorphism and even they were, sampling the right location may be just serendipity. In con-
trast, by analysing the detritus, we get a mixture of garnets from a much larger volume of garnet-bearing rocks
in the catchment area, whereby grains from overprinted rocks are included. Earlier UHP stages can be preserved
therein because garnet can record several growth zones representing different metamorphic stages or events with
accompanied mineral inclusions®****-5!, The method furthermore enables the detection of UHP terranes that have
once been present at the Earth’s surface but were subsequently eroded and buried, by analysing garnet grains from
clastic sedimentary rocks. Garnet is a comparatively stable heavy mineral during transport, surface weathering,
and deep burial conditions®. The presented approach has significant advantages when seeking for monomineralic
coesite inclusions. Sediment samples are probably enriched in garnets containing these inclusions because coesite
inclusions which (partially) transformed to quartz will likely have ruptured the garnet host, resulting in a disin-
tegration of the garnet grain during weathering and transport. Furthermore, the approach can also be applied to
other heavy minerals such as zircon and rutile, which are both capable of hosting mineral inclusions recording
UHP conditions?>¥>3-%5,

These new capabilities are of special interest for tracing hitherto unknown UHP terranes in which the UHP
metamorphic stages are obscured by overprinting, where UHP indicators have been overlooked so far due to the
absence of typical structures (for example, pseudomorphs after coesite in the sampled crystalline rocks), or which
may be recorded in sedimentary rocks only due to complete erosion or burial. Thus, we consider that analysing
inclusions in detrital mineral grains concerning UHP mineral indicators have the highest potential for tracing
ancient UHP terranes and irrefutably clarifying the question if deep subduction processes were established prior
to the Neoproterozoic as suggested by several authors'?~'>.

Methods

Mineral separation and sample preparation. Mineral separation and sample preparation were per-
formed at the University of Gottingen (Geosciences Centre, Department of Sedimentology and Environmental
Geology). The sediment sample was wet sieved to separate grain-size fractions, treated with acetic acid, split by
quartering, and the heavy mineral fraction was separated using sodium polytungstate with a density of 2.89 gcm™
3. Garnets were handpicked under the binocular microscope from three grain-size fractions (63-125um, 125-
250 um, 250-500 um) and embedded in synthetic mounts using a bonding epoxy composed of a mixture of
Araldite® resin and hardener at a ratio of 5:1. Mounts with the picked garnet crystals were ground with silicon
carbide abrasive paper and polished in two steps with 3 um and 1 um Al,O; abrasives in suspension.

Raman spectroscopy. Raman spectroscopy was performed at the University of Gottingen (Geosciences
Centre, Department of Sedimentology and Environmental Geology) using a Horiba Jobin Yvon XploRA Plus
spectrometer equipped with an Olympus BX41 microscope, a 532 nm diode laser (20-25 mW maximum output
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power) and a motorised x-y-z stage. The confocal microscope is coupled to a 200 mm focal length spectrograph
equipped with a four-grating turret (2400lmm™, 1800lmm?, 1200lmm™!, and 600lmm™"). All measurements
were performed using a 100X objective with a numerical aperture of 0.9. The confocal hole diameter and slit
were set to 100 um. For mineral identification of all inclusions >2 pm within the garnets, the 1800 1 mm™! grat-
ing was used, the spectrometer was calibrated on the 520.70 cm™ line of Si, and the recorded spectrum was
centred at 1000 cm ™. Inclusions <2 pm were sometimes also identified if they had a good Raman response.
Captured spectra were exported to the software CrystalSleuth®, the background was automatically subtracted via
the software, and the corresponding mineral was identified by comparison with the RRUFF database® also via the
CrystalSleuth software. Some of the identified minerals were merged into main groups. Overall, the performed
analysis of the inclusions needed ~150 hours of work in the Raman laboratory (~5 garnet grains per hour).

To verify the systematic shift of the coesite inclusions main bands, the Raman spectra of all identified coesite
inclusions were captured again using a specific calibration and correction method. To achieve the highest reso-
lution, the 24001lmm™! grating was used, the spectrometer was calibrated on the 520.70 cm™! line of Si, and the
centre of the spectrum was left in the same position like during the Si-standard calibration (520.62cm™!). This
position is very close to the position of the coesite main band at ~521 cm™! at atmospheric pressure and room
temperature?>*%. Due to possible small inaccuracies of the Si-standard calibration, a possible drift during the
measurement session and/or a possible stretching or compression of the spectral field, a correction of the coesite
main band position was performed using distinctive spectral lines of a neon glow lamp as reference positions.
The light of the neon glow lamp was captured simultaneously (or directly afterwards) to the capturing of the
spectrum from every single coesite inclusion. For that, the acquisition time of every measurement was set to
120 seconds and two accumulations. This time interval is high enough to get a sufficient intensity of the coesite
main band using a laser power of only ~1 mW. The laser power was reduced sufficiently to reduce the interference
of the coesite spectrum and the neon spectrum enabling the simultaneous capturing. Only for three small coesite
inclusions (coesite number 3, 12, and 13), it was not possible to capture the coesite spectrum and the neon spec-
trum simultaneously, because the intensities of the coesite inclusions were too low compared to the neon lines.
These three inclusions were measured with ~10 mW laser power, and the neon spectrum was captured directly
afterwards. Spectra evaluation was performed within the Labspec 6.4.4 software by cutting the spectra between
373 and 837 cm ™}, subtracting the dark-noise of the charge-coupled device detector, subtracting the background
by a polynomial baseline fit, adding peaks at four selected neon reference line positions and the coesite main
band, and fitting the peaks to the captured spectra using a Gaussian Lorentzian mixed function (pseudo-Voigt).
Selected neon reference line positions are at 543.365nm (equal to 386.098 cm™! relative), 544.851 nm (equal to
436.284 cm ™! relative), 555.910 nm (equal to 801.398 cm ™! relative), and 556.244 nm (equal to 812.212cm ™ rel-
ative). The measured main band position of every coesite inclusion was corrected by a linear regression function
based on the difference between the measured neon line positions compared to their reference positions. In
the same way, the main band positions of two coesite cores in biminineralic coesite/quartz inclusions in rup-
tured omphacite of the UHP eclogite at Flatraket harbour (sample AK-N12%; Supplementary Fig. 5) were deter-
mined. Because the omphacite hosts are ruptured, the inclusion pressures are released, and the coesite spectra
reflect atmospheric pressure conditions. The difference between the coesite main band positions from the intact
monomineralic coesite inclusions in the detrital garnets compared to the main band positions of the coesite cores
in the Flatraket UHP eclogite (<520.7 cm™?) reflect the main band shift due to inclusion overpressure. These
overpressures were calculated using the experimentally determined ratio of 1 GPa per 2.9 cm™!*. The inclusion
size of the coesite inclusions (see Table 1) was determined within the Labspec 6.4.4 software using the 100x
objective. Stated are the long and short axes in a two-dimesional (plane) view as situated in the garnet grains and
embedded in the epoxy.

Electron microprobe measurements. Electron microprobe measurements were performed at the
University of Gottingen (Geosciences Centre, Department of Geochemistry) using a JEOL JXA 8900 RL electron
microprobe equipped with five wavelength dispersive spectrometers. Before analysis, all samples were coated
with carbon to ensure conductivity. Measurement conditions include an accelerating voltage of 15kV and a beam
current of 20 nA. Counting times were 15 seconds for Si, Mg, Ca, Fe and Al, and 30seconds for Ti, Cr and Mn.
The compositions of the first ~50 detrital garnet grains from each of the three grain-size fractions (63-125 um;
125-250 um; 250-500 um) and the compositions of the coesite-bearing garnets at several spots were determined.
From the measured wt% the molar endmember values were recasted®®. Multivariate statistics were performed
using the prior probability ‘equal-M™!.

Data Availability. All data pertinent to this study and its reported findings can be found in the article itself
or the corresponding Supplementary Information file.

References
1. Carswell, D. A. & Compagnoni, R. Introduction with review of the definition, distribution and geotectonic significance of ultrahigh
pressure metamorphism in Ultrahigh Pressure Metamorphism (ed. Carswell, D. A. & Compagnoni, R.) Ch. 1, 3-9 (EMU Notes in
Mineralogy, Vol. 5,2003).
2. Schertl, H.-P, Gilotti, J. A., Cuthbert, S. J. & Perchuk, A. L. Twenty-five years of ultrahigh-pressure metamorphism Preface. Eur. J.
Mineral. 21, 1083-1084 (2009).
. Kitahara, S. & Kennedy, G. C. The quartz-coesite transition. . Geophys. Res. 69, 5395-5400 (1964).
4. Mirwald, P. W. & Massonne, H.-]. The low-high quartz and quartz-coesite transition to 40 kbar between 600° and 1600 °C and some
reconnaissance data on the effect of NaAlO, component on the low quartz-coesite transition. J. Geophys. Res. 85, 6983-6990 (1980).
5. Bohlen, S. R. & Boettcher, A. L. The quartz-coesite transformation: A precise determination and the effects of other components. J.
Geophys. Res. 87,7073-7078 (1982).
6. Brown, M. Metamorphic conditions in orogenic belts: a record of secular change. Int. Geol. Rev. 49, 193-234 (2007).

w

SCIENTIFICREPORTS | (2018) 8:2931 | DOI:10.1038/s41598-018-21262-8 8



www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31

32.
33.
34.
35.
36.
37.

38.
39.

40: Gokseyr, H. Das Pflanzenleben auf Rundey, Sunnmere in Norwegen. 1-184 (I Kommisjon hos Jacob Dybwad, Oslo, 1938).
42.
43.
44.
45.
46.
47.

48.
49.

50.

. Caby, R. Precambrian coesite from northern Mali: first record and implications for plate tectonics in the trans-Saharan segment of

the Pan-African belt. Eur. J. Mineral. 6, 235-244 (1994).

. Jahn, B. M., Caby, R. & Monie, P. The oldest UHP eclogites of the World: age of UHP metamorphism, nature of protoliths and

tectonic implications. Chem. Geol. 178, 143-158 (2001).

. Genade de Araujo, C. E. et al. Ediacaran 2,500-km-long synchronous deep continental subduction in the West Gondwana Orogen.

Nat. commun. 5,5198 (2014).

Stern, R. J. Evidence from ophiolites, blueschists, and ultrahigh-pressure metamorphic terranes that the modern episode of
subduction tectonics began in Neoproterozoic time. Geology 33, 557-560 (2005).

Brown, M. The contribution of metamorphic petrology to understanding lithosphere evolution and geodynamics. Geosci. Front. 5,
553-569 (2014).

Morgunova, A. A. & Perchuk, A. L. Ultrahigh-pressure metamorphism in the Archean-Proterozoic Mobile Belt (Gridino Complex,
Karelia, Russia). Dokl. Earth Sci. 443, 412-416 (2012).

Glassley, W. E., Korstgard, J. A., Storensen, K. & Platou, S. W. A new UHP metamorphic complex in the ~1.8 Ga Nagssugtoqidian
orogen of west Greenland. Am. Mineral. 99, 1315-1334 (2014).

Perchuk, A. L. & Morgunova, A. A. Variable P-T paths and HP-UHP metamorphism in a Precambrian terrane, Gridino, Russia:
Petrological evidence and geodynamic implications. Gondwana Res. 25, (614-629 (2014).

Weller, O. M. & St-Onge, M. R. Record of modern-style plate tectonics in the Palaeoproterozoic Trans-Hudson orogen. Nat. Geosci.
10, 305-311 (2017).

Chopin, C. Coesite and pure pyrope in high-grade blueschists of the Western Alps: a first record and some consequences. Contrib.
Mineral. Petrol. 86,107-118 (1984).

Smith, D. C. Coesite in clinopyroxene in the Caledonides and its implications for geodynamics. Nature 310, 641-644 (1984).

Liou, J. G., Ernst, W. G., Zhang, R. Y., Tsujimori, T. & Jahn, B. M. Ultrahigh-pressure minerals and metamorphic terranes — the view
from China. J. Asian Earth Sci. 35, 199-231 (2009).

Chopin, C. Ultrahigh-pressure metamorphism: tracing continental crust into the mantle. Earth Planet. Sci. Lett. 212, 1-14 (2003).
Mosenfelder, J. L., Schertl, H.-P,, Smyth, J. R. & Liou, J. G. Factors in the preservation of coesite: The importance of fluid infiltration.
Amer. Miner. 90, 779-789 (2005).

Liou, J. G. & Zhang, A. Occurrences of intergranular coesite in ultrahigh-P rocks from the Sulu region, eastern China: implications
for lack of fluid during exhumation. Amer. Miner. 81, 1217-1221 (1996).

Parkinson, C. D. & Katayama, I. Present-day ultrahigh-pressure conditions of coesite inclusions in zircon and garnet: Evidence from
laser Raman microspectroscopy. Geology 27, 979-982 (1999).

Mosenfelder, J. L. & Bohlen, S. R. Kinetics of the coesite to quartz transformation. Earth Planet. Sci. Lett. 153, 133-147 (1997).
Perraki, M. & Faryad, S. W. First finding of microdiamond, coesite and other UHP phases in felsic granulites in the Moldanubian
Zone: Implications for deep subduction and a revised geodynamic model for Variscan Orogeny in the Bohemian Massif. Lithos 202,
157-166 (2014).

Krippner, A., Meinhold, G., Morton, A. C. & von Eynatten, H. Heavy-mineral and garnet compositions of stream sediments and
HP-UHP basement rocks from the Western Gneiss Region, SW Norway. Nor. J. Geol. 96, 7-17 (2016).

Root, D. B. et al. Discrete ultrahigh-pressure domains in the Western Gneiss Region, Norway: implications for formation and
exhumation. J. Metamorph. Geol. 23, (45-61 (2005).

Wain, A. New evidence for coesite in eclogite and gneisses: Defining an ultrahigh-pressure province in the Western Gneiss region of
Norway. Geology 25, 927-930 (1997).

Root, D. B., Hacker, B. R., Mattinson, J. M. & Wooden, J. L. Zircon geochronology and ca. 400 Ma exhumation of Norwegian
ultrahigh-pressure rocks: an ion microprobe and chemical abrasion study. Earth Planet. Sci. Lett. 228, 325-341 (2004).

Wain, A., Waters, D., Jephcoat, A. & Olijynk, H. The high-pressure to ultrahigh-pressure eclogite transition in the Western Gneiss
Region, Norway. Eur. J. Mineral. 12, 667-687 (2000).

Mange, M. A. & Morton, A. C. Geochemistry of heavy minerals. Dev. Sedimentol. 58, 345-391 (2007).

Tolosana-Delgado, R., von Eynatten, H., Krippner, A. & Meinhold, G. A multivariate discrimination scheme of detrital garnet
chemistry for use in sedimentary provenance analysis. Sediment. Geol., https://doi.org/10.1016/j.sedge0.2017.11.003 (2017).

Gillet, P, Ingrin, J. & Chopin, C. Coesite in subducted continental crust: PT history deduced from an elastic model. Earth Planet. Sci.
Lett. 70, 426-436 (1984).

van der Molen, I. & van Roermund, H. L. M. The pressure path of solid inclusions in minerals: the retention of coesite inclusions
during uplift. Lithos 19, 317-324 (1986).

Guiraud, M. & Powell, R. P-V-T relationships and mineral equilibria in inclusions in minerals. Earth Planet. Sci. Lett. 244, 683-694
(2006).

Angel, R. ], Nimis, P, Mazzucchelli, M. L., Alvaro, M. & Nestola, F. How large are departures from lithostatic pressure? Constraints
from host-inclusion elasticity. J. Metamorph. Geol. 33, 801-813 (2015).

Parkinson, C. D. Coesite inclusions and prograde compositional zonation of garnet in whiteschist of the HP-UHPM Kokchetav
massif, Kazakhstan: a record of progressive UHP metamorphism. Lithos 52, (215-233 (2000).

Korsakov, A. V,, Hutsebaut, D., Theunissen, K., Vandenabeele, P. & Stepanov, A. S. Raman mapping of coesite inclusions in garnet
from the Kokchetav Massif (Northern Kazakhstan). Spectrochim. Acta A 68, 1046-1052 (2007).

Sachan, H. K. et al. Discovery of coesite from Indus Suture Zone (ISZ), Ladakh, India. Eur. . Mineral. 16, 235-240 (2004).
Whitney, D. L., Cooke, M. L. & Du Frane, S. A. Modeling of radial microcracks at corners of inclusions in garnet using fracture
mechanics. J. Geophys. Res. 105, 2843-2853 (2000).

Undas, I. On the Late-Quaternary history of More and Trendelag (Norway). Det Kgl. Norske Vid.-Selsk. Skr. 2, 1-92 (1942).

Rye, N., Nesje, A., Lien, R. & Anda, R. The Late Weichselian ice sheet in the Nordfjord—-Sunnmere area and deglaciation chronology
for Nordfjord, western Norway. Nor. Geogr. Tidsskr. 41, 23-43 (1987).

Mangerud, J. Ice sheet limits on Norway and the Norwegian continental shelf in Quaternary Glaciations—Extent and Chronology,
Part I: Europe (ed. Ehlers, J. & Gibbard, P. L.) 271-294 (Elsevier, Amsterdam, 2004).

Hughes, A. L., Gyllencreutz, R., Lohne, @. S., Mangerud, J. & Svendsen, J. I. The last Eurasian ice sheets—a chronological database
and time-slice reconstruction, DATED-1. Boreas 45, 1-45 (2016).

Carswell, D. A., Brueckner, H. K., Cuthbert, S. J., Mehta, K. & O’Brien, P. ]. The timing of stabilisation and the exhumation rate for
ultra-high pressure rocks in the Western Gneiss Region of Norway. J. Metamorph. Geol. 21, 601-612 (2003).

Dabhl, E. Weathered gneisses at the Island of Runde, Sunnmere, Western Norway, and their geological interpretation. Nytt Mag.
Botan. 3,5-23 (1954).

John, T. & Schenk, V. Partial eclogitisation of gabbroic rocks in a late Precambrian subduction zone (Zambia): prograde
metamorphism triggered by fluid infiltration. Contrib. Mineral. Petrol. 146, 174-191 (2003).

Bryhni, I. & Griffin, W. L. Zoning in eclogite garnets from Nordfjord, West Norway. Contrib. Mineral. Petrol. 32, 112-125 (1971).
Thompson, A. B., Tracy, R. J., Lyttle, P. T. & Thompson, J. B. Prograde reaction histories deduced from compositional zonation and
mineral inclusions in garnet from the Gassetts schist, Vermont. Amer. J. Sci. 277, 1152-1167 (1977).

Erambert, M. & Austrheim, H. The effect of fluid and deformation on zoning and inclusion patterns in poly-metamorphic garnets.
Contrib. Mineral. Petrol. 115, 204-214 (1993).

SCIENTIFICREPORTS | (2018) 8:2931 | DOI:10.1038/s41598-018-21262-8 9


http://dx.doi.org/10.1016/j.sedgeo.2017.11.003

www.nature.com/scientificreports/

51. Faryad, S. W,, Nahodilové, R. & Dolejs, D. Incipient eclogite facies metamorphism in the Moldanubian granulites revealed by
mineral inclusions in garnet. Lithos 114, 54-69 (2010).

52. Morton, A. C. & Hallsworth, C. R. Processes controlling the composition of heavy mineral assemblages in sandstones. Sediment.
Geol. 124, 3-29 (1999).

53. Maruyama, S. & Parkinson, C. D. Overview of the geology, petrology and tectonic framework of the high-pressure-ultrahigh-
pressure metamorphic belt of the Kokchetav Massif, Kazakhstan. Island Arc 9, 439-455 (2000).

54. Song, S. G., Yang, J. S., Xu, Z. Q, Liou, J. G. & Shi, R. D. Metamorphic evolution of the coesite-bearing ultrahigh-pressure terrane in
the North Qaidam, Northern Tibet, NW China. J. Metamorph. Geol. 21, 631-644 (2003).

55. Hart, E., Storey, C., Bruand, E., Schertl, H.-P. & Alexander, B. D. Mineral inclusions in rutile: A novel recorder of HP-UHP
metamorphism. Earth Planet. Sci. Lett. 446, 137-148 (2016).

56. Laetsch, T. & Downs, R. Software for identification and refinement of cell parameters from powder diffraction data of minerals using
the RRUFF project and American mineralogist crystal structure databases. Abstracts from the 19th General Meeting of the
International Mineralogical Association, Kobe, Japan (2006).

57. Lafuente, B., Downs, R. T., Yang, H. & Stone, N. The power of databases: The RRUFF project in Highlights in Mineralogical
Crystallography (ed. Armbruster, T. & Danisi, R. M.) 1-30 (De Gruyter, Berlin, 2015).

58. Hemley, R. J. Pressure dependence of Raman spectra of SiO, polymorphs: a-quartz, coesite, and stishovite in High Pressure Research
in Mineral Physics (ed. Manghnani, M. H. & Syono, Y.) Geophysical Monograph 39, 347-359 (American Geophysical Union,
Washington, DC, 1987).

59. Locock, A. J. An Excel spreadsheet to recast analyses of garnet into end-member components, and a synopsis of the crystal chemistry
of natural silicate garnets. Comput. Geosci. 34, 1769-1780 (2008).

Acknowledgements

This study is based on precursor work in the WGR financially supported by CASP (formerly known as Cambridge
Arctic Shelf Programme) and the Deutsche Forschungsgemeinschaft (DFG grant EY 23/20-1). We thank A.
Krippner for assistance in the field and the contribution to early steps of the sample preparation sequence. We
thank J. E. Dunkelné Nagy, I. Dunkl, and K. Léwen for their support in sample preparation. A. Kronz is thanked
for providing access to the electron microprobe. Helpful comments from W. L. Griffin and an anonymous
reviewer on an earlier draft of the manuscript are gratefully acknowledged.

Author Contributions

J.S. prepared the samples, collected the data, analysed the data, and wrote the paper; G.M. collected the samples,
conceived the initial idea, supervised the project at all stages, and was involved in the text writing process.
H.v.E. supervised the project at all stages and was involved in the text writing process. N.K.L. supervised the
data collection at the Raman spectrometer. All authors discussed the results and their implications. All authors
reviewed and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-21262-8.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:2931 | DOI:10.1038/s41598-018-21262-8 10


http://dx.doi.org/10.1038/s41598-018-21262-8
http://creativecommons.org/licenses/by/4.0/

	Tracing ultrahigh-pressure metamorphism at the catchment scale

	Ultrahigh-pressure terranes and mineral indicators

	Tracing ultrahigh-pressure terranes/rocks

	Coesite inclusions in detrital garnet

	Coesite formation and preservation

	Source of the coesite-bearing garnet grains

	Implications for tracing ultrahigh-pressure terranes/rocks

	Methods

	Mineral separation and sample preparation. 
	Raman spectroscopy. 
	Electron microprobe measurements. 
	Data Availability. 

	Acknowledgements

	Figure 1 Map showing the location of the studied area and the sampling location (modified from Krippner et al.
	Figure 2 Coesite and other mineral inclusions in detrital garnet (grain number 209).
	Figure 3 Coesite and other mineral inclusions in detrital garnet (grain number 378).
	﻿Figure 4 Geochemical garnet compositions of detrital grains and two local crystalline rocks.
	Table 1 Measured and calculated parameters of coesite inclusions in detrital garnet grains.




