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Biomineralized and organic metazoan tubular skeletons are by far the most
common in the fossil record. However, several groups of organisms are also
able to agglutinate particles to construct more rigid structures. Here we pre-
sent a novel type of agglutinated tube from the austral and endemic
palaeobiota of the Malvinokaffric realm (Devonian, Brazil). This fossil is
characterized by an agglutinated tube made of silt-sized particles forming
an unusual flanged morphology that is not known from the fossil record.
Besides being able to select specific particles, these organisms probably
lived partially buried and were detritus/suspension feeders. Comparisons
across different modern groups show that these fossils are strongly similar
to tubes made by polychaetes, specifically from the family Maldanidae. If
this interpretation is correct, then an early divergence of the Sedentaria
clade may have occurred before the Devonian.
1. Introduction
Metazoan tubular fossils of problematic affinities are a common feature of
many fossil assemblages from the late Ediacaran period (ca 550 Ma) onwards
(e.g. [1–3]). These fossils comprise a wide array of morphologies and skeleton
compositions (e.g. calcite, aragonite, organic, apatite) [4–7]. Among these, one
important but often overlooked group include the agglutinated tubes. Differ-
ently from biomineralized or purely organic constructions, agglutinated tubes
are built by detrital particles, often glued together by an organic cement
secreted by the living organism [8,9]. However, interpreting their biological
affinities is often difficult due to the lack of diagnostic characters.

In modern marine settings, several different groups of organisms are
capable of producing agglutinated tubes, including annelids [10], cnidarians
[11], phoronids [12], nematodes [13], crustaceans [14], rotifers [15] and forami-
nifers [16]. Despite this diversity, annelids are considered the main producers of
large agglutinated tubes, a situation that can also be true for the fossil record
[17]. Thus, if properly addressed, the fossil record holds great potential to
reveal further information about the relatively poorly known geological history
of Annelida [18,19].
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Figure 1. Morphology and life position of Annulitubus mutveii. (a) Bedding plane view of hand samples. (b) Polished section through a longitudinal cut of a tube
showing the flanged morphology. (c,d ) Specimens in life position, vertically/diagonally oriented within the sediment. (e,f ) Individuals with interlocked flanges.
(Online version in colour.)
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Although the fossil record of agglutinated tubes extends
back to the Early Cambrian [20], they are relatively rare
throughout the remaining Phanerozoic. This is often related
to their delicate nature [21–23], which would facilitated dis-
aggregation and fragmentation upon transport. Thus, these
fossils are mostly restricted to deposits with exceptional pres-
ervation. Here we present a new and unusual occurrence of
agglutinated tubular fossils from the Devonian (Givetian) of
Brazil. Contrary to previous cases, these fossils are abundant
in the strata in which they are found. Additionally, these
fossils show strong morphological similarities with modern
polychaete flanged tubes; yet their mode of tube construction
have no counterpart in the fossil record.
2. Results
(a) Occurrence, morphology and ecology
The tubes occur in the São Domingos Member of the
Ponta Grossa Formation. This unit was deposited in storm-
influenced shallow marine settings, varying from lower
shoreface to offshore environments with expressions of
Cruziana ichnofacies [24,25]. These fossils are common in
Lower Givetian strata (post-Kacá̌k event), although they are
preserved in Eifelian strata, mostly in sections B and C of
Sedorko et al. [24]. The specimens studied are abundant and
occur associated with some elements of the Malvinokaffric
biota such as brachiopods and trilobites [26,27]. Details regard-
ing its stratigraphic distribution are available in the electronic
supplementary material.
The tubes are centimetric in length (0.6–35 mm), with
widths varying between 1.7 and 3.9 mm. The diameter seems
to be constant throughout the length. The most singular mor-
phological feature of these tubes is the presence of ‘rings’
throughout most of the length (figures 1 and 2). However,
microtomographic and polished section analyses show that
this is only an apparent annulation due to the presence of
flanges (or collars) along the tube (figures 1b and 2). Each
flange has a paraboloid morphology that is more evident in
vertically oriented specimens or in micro-CT reconstructions
(figure 2). The distance between each flange is also mostly
constant (approx. 1.3 mm). The internal surface of the tube
does not show any particular morphological feature and
appears to have been relatively smooth originally (electronic
supplementary material, figure S2).

Althoughmost of the specimens studied here are character-
ized by flanged tubes, one sample showed some individuals
with transitional morphologies, from smooth to collared
zones (electronic supplementary material, figure S3). Interest-
ingly, these smooth portions are strikingly similar to the
previous described species Annulitubus mutveii Vinn et al.
[28], strongly suggesting that they represent the same taxon
at different moments of tube construction; therefore, they are
here identified as such, and an emended diagnosis is provided
in the electronic supplementary material.

All the tubes studied here displayed evidences of strong
plastic deformation (figures 1b and 2). Fragmented remains
are also common in assemblages with tubes disposed parallelly
to the beddingplane. In these samples, verysmall fragments can
also be observed (figure 2). On the other hand, vertically
oriented individuals were also noticed (figure 1c,d; electronic
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Figure 2. Micro-CT three-dimensional reconstructions. (a,b) Concentration of tubes highlighting the compressed flanges and the presence of tube fragments
(arrows), some showing plastic deformation. (c,e) Individualized tubes in lateral (c,e) and ‘ventral’ (d ) view. (Online version in colour.)
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supplementary material, figures S4–S6), suggesting the in situ
preservation of these organisms, which probably had at least a
partial, infaunal mode of life. Remarkably, one of these in situ
samples shows the vertically oriented portion marking the
tube passing to a horizontal orientation with respect to the
bedding plane (electronic supplementary material, figure S6).

One polished vertically oriented tube showed both opened
extremities (electronic supplementary material, figure S5),
although this characteristic should be confirmed with addi-
tional samples. Notably, some transported individuals show
interlocked tubes, with the flanges inside the interspaces of
each other (figure 1e,f ). This highly unusual conformation is
unlikely to result from transport.
(b) Agglutinated nature of the tubes
Although under naked eye and stereomicroscopes investi-
gation the tubes show a whitish solid appearance, scanning
electron microscopy (SEM), microCT and petrographic ana-
lyses demonstrated that the tubes are composed of angular,
silt-size grained clastic particles (figure 3; electronic sup-
plementary material, figures S7 and S8). Rare detrital micas
were also perceived within the walls of the tubes (electronic
supplementary material, figure S8). Moreover, there is a clear
trend of increasing clast size from the internal to the external
regions of the wall, from fine-grained silt to coarse-grained
silt, respectively.

Energy dispersive spectroscopy (EDS) and synchrotron-
based micro X-ray fluorescence (SR-µXRF) results reveal the
dominant siliceous composition of the tubes and confirm
their agglutinated nature (figure 4). EDS maps also show the
common occurrence of Na-enriched clasts, which Raman spec-
troscopy demonstrated to correspond to the Na-plagioclase
albite (electronic supplementary material, figure S9). The
more abundant and silicon-rich grainswere confirmed to corre-
spond to quartz (electronic supplementarymaterial, figure S9).
Although the host rock also contains quartz and albite, it shows
the presence of several other types of detrital clasts. Indeed, the
elemental maps corroborates this mineralogical difference:
most of the elements are concentrated in the host rock, the
exception being silicon and sodium. Interestingly, the strontium
map (figure 4v) seems tohighlight the increase ingranulometry,
being more discernible in the larger clastic grains (probably
feldspar) at the external edge of the tube walls. Sulfur
also shows high intensities in small spots inside the tubes,
which can be related to the presence of occasional pyrite
octahedral crystals. These pyrite crystals may be associated
with the high-density grains observed in microCT slices and
occasional opaque minerals seen in thin sections (electronic
supplementary material, figures S7c,d and S8, and movie S1).
3. Discussion
(a) Palaeobiology of Annulitubus mutveii
Our results yielded that A. mutvei was a gregarious, sedentary,
tube-dwelling invertebrate (figure 5). These organisms prob-
ably lived partially buried in the substrate, as evidenced by
the vertically oriented specimens (figure 1c,d). Although
flanged tubes are dominant in our samples, some specimens
showing changes from smooth to flanged morphologies
indicate that these organisms had some plasticity during skele-
togenesis, probably following their ontogeny or lifestyle
conditions. Interlocked tubes in transported individuals
suggest an original gregarious habit, with some organisms
growing closely associated with each other (figure 1e,f).
Changes from a vertically to a horizontally oriented tube in
one specimen (electronic supplementary material, figure S6)
suggests that either the producer was able to construct the
tube in different orientations, or that the upper portion of this
specimen represents a fallen region of the tube, which extended
above the sediment/water interface. Giving this sedentary and
semi-infaunal lifestyle, these organisms probably had detritus/
suspension feeding strategies. In the same outcrop, Skolithos is a
common trace fossil in fine-grained sandstones, some of them
possibly produced by similar organisms. Indeed, at the strati-
graphic level that these fossils occur there are abundant plant
fragments that could have been a potential food source.

The tubes were composed of fine detrital grains (fine- to
coarse-grained silt) with a high cohesivity of the agglutinated
material, since it is possible to find very small fragments with
rounded edges, as well as strong evidence of plastic defor-
mation (figure 2a,b). This suggests that the tubes probably
had an organic ‘glue’ keeping the agglutinated structure rela-
tively resistant. The presence of occasional pyrite grains
inside the tube wall may reflect the anaerobic decomposition
of this original organic matter, although we did not find evi-
dence of remaining kerogenous material. The almost absence
of other types of particles, except for quartz and albite,
suggests that this organism was able to select the type and



(b)(a)

(c) (d )

200 mm200 mm

500 mm 500 mm

Figure 3. Thin section and SEM micrographs of the tubes. (a,b) Tubes in longitudinal cuts (thin sections) showing the granular texture due to the agglutinated
nature of the walls and the increase in clast size from the internal to the external regions of the wall. Crossed Nicols. (c) SEM micrograph of a polished thin section
highlighting the region with the fossil. (d ) Schematic drawing showing the observed individual clasts in (c), highlighting the increase in granulometry towards the
outermost region of the wall. (Online version in colour.)
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size of the detrital particle for tube construction. Moreover,
these organisms were able to select the size of particles
according to the stage of tube construction, leaving the coar-
ser material to the outermost part of the walls.
(b) Biological affinities
Although agglutinated tubes in the fossil record are usually
attributed to annelids, there are many other groups that
should be taken into consideration when interpreting such
fossils; even more given that these fossils usually occur as
isolated specimens. Here, the abundance of specimens,
allied to their good preservation, particle selectivity, distinct
morphology and evidence of life habits, help to better
constrain their biological affinities within Annelida.

The tubes of Annulitubus mutveii strongly differ from
modern agglutinated tubes of several major groups. For
instance, ceriantharian tubes often show branching, and, more
importantly, do not show particle selection or specific particle
arrangement within their tubes [11]. This is likely to be due to
their peculiar mode of tube formation that uses ptychocyst
tubules; these either rarely trap sediments (Cerianthidae) or
work as driftnets, trapping higher amounts of sediment (Ara-
chnactidae and Botrucnidiferidae) [29]. Similarly, phoronids
also do not show particle selectivity, and the detrital material
comprises a single external layer of agglutinated particles that
are not glued together by organic material [12,30]. Phoronids
that live in the substrate also present a small opening at the
posterior end of the tube that is not observed in our fossils
[30]. Nematodes and rotifers are known to produce aggluti-
nated tubes, but these have much smaller dimensions
(approx. 50–100 µm in width; e.g. [13,31]) than the tubes
observed here.

Crustaceans (mainly Amphipoda and Tanaidaceae; e.g.
Haploops sp.) are well-known tube builders, and they can also
show a high degree of particle selectivity [14]. Nevertheless,
the tubes of crustaceans are usually not as long as those
observed inannelids; althoughsomespecies can still showcom-
parable dimensions to those reported from the fossil record (e.g.
Tanais cavolini and Ampelisca abdita [32,33]). At least for amphi-
pods, molecular evidence suggests that this group emerged
during the Permian Period and only diversified during the
Late Mesozoic [34]. The fossil record of tanaidaceans is mostly
restricted to Mesozoic and Cenozoic occurrences, although
some species of the suborder Anthracocaridomorpha are
found in Carboniferous and Permian rocks [35].

Modern and fossil unbranched tubular foraminifers are
usually attributed to the genus Bathysiphon. These organisms
also can show particle selectivity, and some specimens may
even reach up to 10 cm in length [36,37]. However, in contrast
to our fossils, bathysiphonids usually show a more slender
nature, have thicker walls that contrast with their narrow
lumens, and usually have longitudinal constrictions [36,37].

Finally, and possibly most importantly, none of the above-
mentioned groups show flanged tubular morphologies,
besides annelids. Indeed, many extant polychaete families
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Figure 4. Elemental composition of the tubes. (a–h) SEM/EDS results. Electron image (a), mix elemental map (b), and maps of specific elements (c–h). (i–x) SR-
µXRF maps of the fossil, showing the higher concentration of almost all mapped elements in the host rock, while the fossil shows a siliceous composition. Sulfur is
concentrated in small points inside the fossils. The average XRF pattern can be found in the electronic supplementary material, figure S10. (Online version in colour.)
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are capable of building tubular constructions with aggluti-
nated material (some with high capacity of particle
selectivity), including Sabellariidae [38], Pectinariidae [39],
Oweniidae [10], Terebellidae [40], Maldanidae [41], Sabellidae
[42], Capitellidae [43], Cirratulidae [43], Spionidae [44],
Ampharetidae [45], Eunicidae [46], Fabricidae [47], Onuphidae
[48], Nereididae [49], Trichobranchidae [50] and possibly even
Phyllodocidae [51]. However, most of these groups produce
agglutinated tubes that are simple cylindrical forms, without
complex morphologies.

Although species with flanged tubes are common in
Siboglinidae, Serpulidae and Chaetopteridae [52], they do
not produce agglutinated tubes. Indeed, some chaetopterids
are able to form tubes with externally aggregated detrital
particles, but these species do not show flanged morphologies
[53–55]. Interestingly, some species of these three families can
show longitudinal variation in morphology [56,57] (electronic
supplementary material, figure S11), from unornamented to
collared regions, similar to those observed in A. mutveii (elec-
tronic supplementary material, figure S3). However, the only
group that shows both an agglutinated wall and flanged
tubes is the family Maldanidae. Some works [58] have shown
that some species (e.g. Maldane sarsi) can produce parabolic
mud discs throughout the tube, strikingly similar to the
morphology of A. mutveii. Some Maldanidae species (i.e.
Nicomache lumbricalis) can even show an increase in particle
size from the inner to the outer portions of the wall [41].
Despite the fact that this is also the case for the sabellariids
Sabellaria alveolata and Phragmatopoma caudata (electronic
supplementary material, figure S12), their tube morphologies



Figure 5. Artistic representations of the living tube-dwelling Annulitubus
mutvei. (Online version in colour.)
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are very different from our fossils. Several recentmaldanids are
tubicolous deposit feeders living head-down in the sediment
([59] and references therein), a life habit that could have been
the case for A. mutveii considering its vertical orientation in
the substrate and the abundant vegetal remains observed in
association with the fossils.

Taking together, the comparisons with modern groups
strongly suggest an annelid affinity to A. mutveii, with
possible relationships to the family Maldanidae. If this
interpretation is correct, then this is the first case of tubes attrib-
uted to Maldanidae and one of the oldest cases of the clade
Sedentaria in the fossil record. Together with the occurrence
of a possible Spionidae in Middle Devonian deposits of the
Marcellus Formation [60], these results show that the groups
within the Sedentaria clade may have already diverged before
this time. Unfortunately, there is still no molecular clock data
for annelid relationships [61]. Nevertheless, both molecular
and palaeontological studies show a Cambrian to Ordovician
crown-group diversification of Annelida [19,62], implying
that, at least, our interpretation is not in disagreement with
both molecular and fossil data for polychaetes in general.

(c) The fossil record of agglutinated tubes with
polychaete affinities

The fossil record of agglutinated tubes has been as patchy
as it has been controversial. Some of the first agglutinated
tubes appeared at the Ediacaran–Cambrian transition (e.g.
Platysolenites) [63], or even earlier [64], but they are largely
regarded as foraminifers. The basal Cambrian already show
the presence of other tubes made of agglutinated detritus,
such as Volborthella and Onuphionella [20,65]. While the
latter was suggested to have putative polychaete affinities
[20], the former have even more enigmatic biological relation-
ships and was even considered a separate phylum [65],
mostly due to its peculiar conical morphology constructed
by internal laminations of agglutinated grains.

From the Cambrian onwards, only a small number of
agglutinated tubular taxa have been reported and interpreted
to have possible polychaete affinities. For instance, Muir et al.
[23] described Echinokleptus anileis and other agglutinated
tubes from the Early Ordovician of north Wales (UK), south
China, Morocco and France. Muir et al. [66] also described
Onuphionella corusca from the Upper Ordovician of the First
Bani Group (Morocco). Unnamed agglutinated tubes were
found in the Upper Devonian of the Great Basin by Zatoń
& Bond [17]. Ettensohn [21] reported a tube constructed by
pelmatozoan ossicles (Crininicaminus haneyensis) from the
Early Carboniferous of Kentucky (USA).

During the Mesozoic many examples of the agglutinated
tube Terebella occur worldwide (e.g. [67–69]), although their
simple morphology and the fact that they are usually
observed in thin sections indicate that Terebella probably rep-
resents a form taxon. Keupp et al. [70] described Eklexibella
buttenheimensis and E. johanni from the Lower Jurassic of
Germany, and Vinn & Luque [71] reported one agglutinated
tube with remarkable similarities to those observed in
modern Pectinaridae annelids. Throughout the Cenozoic,
just few cases of agglutinated tubes are known as well,
mainly including tubes with Pectinaridae affinities [22,72,73].

Considering this context, besides the fossils with Pectinari-
dae similarities that occur in Mesozoic and Cenozoic
sediments, our work shows that A. mutveii can be regarded as
one of the oldest agglutinated tubes that can be more
confidently assigned to annelids, and possibly even to the
family Maldanidae.
4. Conclusion
Although the fossil record of agglutinated tubes extends back
to the latest Neoproterozoic, their biological affinities remain
controversial and likely reflect many different groups of
organisms. Here we showed that the Devonian Annulitubus
mutvei was an agglutinated tubular metazoan with annelid
affinities. These organisms constructed their flanged tubes
by selecting and agglutinating silt-sized particles. Their unu-
sual morphology allied to their agglutinated nature not only
have modern counterparts within Annelida, but even suggest
affinities to the family Maldanidae. This is the first time that
a Palaeozoic agglutinated tube can be more confidently
assigned to annelids, and it may even shed some light on
the divergence timing within the Sedentaria clade.
5. Methods
(a) Samples
The samples were recovered from mudstones of the São
Domingos Member of Ponta Grossa Formation at the coordi-
nates: −24.709011360335367, −50.55652623416173. The material
is housed at the Museu de História Geológica do Rio Grande
do Sul (MHGEO-UNISINOS) under the codes ULVG-12881-
12891. These sections are composed of dark mudstones and
fine-grained sandstones and siltstones (see more details in
electronic supplementary material).

(b) X-ray microtomography
This analysis was performed at the PLATINA platform of the
IC2MP (University of Poitiers) with the RX-Solutions EasyTom
XL Duo device. We used a nanofocus X-ray source (Hamamatsu
L10711 with a LaB6 cathode) coupled with a flat panel imager
(Varian PaxScan 2520 DX). The sample was scanned in a vertical
stack mode (1440 projections in two turns) with a spatial resol-
ution of 3.5 µm. Parameters of the acquisition are 100 kV (tube
voltage), 25 µA (target current; middle spot size mode with
target limiter), 2.8 frames per second, averaging of 13 frames
per projections and an anti-ring procedure with random shifts
of the imager. At the end of each acquisition, some additional
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reference projections have been recorded to correct possible spot
drift. The reconstruction was done with XAct software (RX-Sol-
utions) with a filtered back projection algorithm based on the
Feldkamp method for cone beam geometry with Tukey filter
and attenuation of the beam hardening artefacts through linear-
ization with a polynomial function. Segmentation (semi-
automatically done with manual corrections), three-dimensional
rendering and movies were produced using AVIZO v. 2019.2
(Thermo FisherTM-FEI).

(c) SEM/EDS
We analysed carbon coated polished thin sections using a JEOL JSM
IT500 scanning electronmicroscope, equipped with secondary elec-
tron, backscatter electron detectors and coupled with a Bruker
lynxeye Energy Dispersive X-ray Spectrometer (EDX) at the
IC2MP laboratory of the Université de Poitiers. Analyses were con-
ducted in high-vacuum mode and with a current tension of 15 Kv.

(d) Raman
The spectrawere recordedwith a LabramHR800UV confocal scan-
ning spectrometer (HORIBA JobinYvon), equippedwith an internal
632 nm laser (He-Ne) and an external 532 nm laser. The confocal
hole aperture was 200 µm and spectral resolution of 1.7 cm−1

(with 532 nm excitation wavelength) and 1.2 cm−1 (with 632 nm
excitation wavelength). The spectrometer was calibrated using
Si wafer.We used the software LabSPECv. 5 for spectra acquisition.

(e) SR-µXRF
This analysis was carried out at the microXAS beamline (propo-
sal 20 190 823) of the Swiss Light Source (SLS), in Villigen
(Switzerland). The micro-XRF spectra were measured using a
Silicon Drift detector placed at 90° with the incident beam.
The X-ray beam was focused down to 1 × 1 µm2 using KB mir-
rors, using photons with energy of 17.2 keV, selected with a
Double-Crystal Monochromator with Si(111) cut.

Ethics. This work has not involved any living subjects and conforms to
the ethics guidelines of the National Mining Agency (ANA, Brazil).

Data accessibility. Data are available in this manuscript and its sup-
plementary information [74]. X-Ray microtomogaphy data (virtual
slices) and three-dimensional model animation (mpg format) are
available in the Zenodo Data Repository: https://doi.org/10.5281/
zenodo.5015076.

Authors’ contributions. B.B.-K.: conceptualization, data curation, formal
analysis, investigation, methodology, writing-original draft, writing-
review and editing; R.S.H.: conceptualization, project administration,
supervision, writing-review and editing; L.d.M., A.M. and D.S.:
investigation, writing-review and editing; I.L. and D.F.S.: Investi-
gation; J.F. and A.E.A.: writing-review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.
Competing interests. We declare we have no competing interests.

Funding. This work was funded by the Fundação de Amparo à
Pesquisa do Estado de São Paulo under the proposal grant nos.
2016/01827-4 and 2018/21886-0.
Acknowledgements. D.S. thanks the Brazilian Scientific and Technological
Research Council—CNPq for the post-doc fellowship (proc. 159548/
2018-7), and A.E.B thanks the support from la Région Nouvelle Aqui-
taine and CNRS. We also thank Gilmar Kerber and Tairine Pimentel
for their help in fieldwork activities, and Thales Renan Lima de Car-
valho, Tania Lindner Dutra (UNISINOS), Henrique Bacaresco and
Bruna Camila Schneider for their help throughout this study. We
are grateful to the Laboratório de Ecologia (UFMS) and to the Labor-
atório de Geoquímica (UFSC) for providing their facilities. The
artistic representation was made by Júlia Soares d’Oliveira.
References
1. Schiffbauer JD, Huntley JW, O’Neil GR, Darroch SAF,
Laflamme M, Cai Y. 2016 The latest Ediacaran
wormworld fauna: setting the ecological stage for
the Cambrian Explosion. GSA Today 26, 4–11.
(doi:10.1130/GSATG265A.1)

2. Ippolitov AP, Vinn O, Kupriyanova EK, Jäger M. 2014
Written in stone: history of serpulid polychaetes
through time. Mem. Museum Victoria 71, 123–159.
(doi:10.24199/j.mmv.2014.71.12)

3. Vinn O, Mutvei H. 2009 Calcareous tubeworms of
the Phanerozoic. Est. J. Earth Sci. 58, 286. (doi:10.
3176/earth.2009.4.07)

4. Vinn O, Ten Hove HA, Mutvei H, Kirsimäe K. 2008
Ultrastructure and mineral composition of serpulid
tubes (Polychaeta, Annelida). Zool. J. Linn. Soc. 154,
633–650. (doi:10.1111/j.1096-3642.2008.00421.x)

5. Vinn O, ten Hove HA, Mutvei H. 2008 On the tube
ultrastructure and origin of calcification in sabellids
(Annelida, Polychaeta). Palaeontology 51, 295–301.
(doi:10.1111/j.1475-4983.2008.00763.x)

6. Taylor PD, Vinn O, Kudryavtsev A, Schopf JW. 2010
Raman spectroscopic study of the mineral
composition of cirratulid tubes (Annelida,
Polychaeta). J. Struct. Biol. 171, 402–405. (doi:10.
1016/j.jsb.2010.05.010)

7. Vinn O, Kirsimaë K. 2015 Alleged cnidarian
Sphenothallus in the Late Ordovician of Baltica, its
mineral composition and microstructure. Acta
Palaeontol. Pol. 60, 1001–1008. (doi:10.4202/app.
00049.2013)

8. Buffet JP, Corre E, Duvernois-Berthet E, Fournier J,
Lopez PJ. 2018 Adhesive gland transcriptomics
uncovers a diversity of genes involved in glue formation
in marine tube-building polychaetes. Acta Biomater.
72, 316–328. (doi:10.1016/j.actbio.2018.03.037)

9. Fournier J, Etienne S, Le Cam JB. 2010 Inter- and
intraspecific variability in the chemical composition
of the mineral phase of cements from several tube-
building polychaetes. Geobios 43, 191–200. (doi:10.
1016/j.geobios.2009.10.004)

10. Noffke A, Hertweck G, Kröncke I, Wehrmann A. 2009
Particle size selection and tube structure of the
polychaete Owenia fusiformis. Estuar. Coast. Shelf
Sci. 81, 160–168. (doi:10.1016/j.ecss.2008.10.010)

11. Frey RW. 1970 The Lebensspuren of some common
marine invertebrates near Beaufort, North Carolina.
II. Anemone burrow. J. Paleontol. 44, 308–311.

12. Temereva E, Shcherbakova T, Tzetlin A. 2020 First
data on the structure of tubes formed by phoronids.
Zoology 143, 125849. (doi:10.1016/j.zool.2020.
125849)

13. Nehring S, Jensen P, Lorenzen S. 1990 Tube-
dwelling nematodes: tube construction and possible
ecological effects on sediment-water interfaces.
Mar. Ecol. Prog. Ser. 64, 123–128. (doi:10.3354/
meps064123)
14. Moore P, Eastman L. 2015 The tube-dwelling
lifestyle in crustaceans and its relation to feeding.
In The natural history of the Crustacea: lifestyles
and feeding biology (eds M Thiel, L Watling),
pp. 35–77. New York, NY: Oxford University Press.

15. Fontaneto D, De Smet WH. 2015 4 Rotifera. In
Handbook of zoology, gastrotricha, cycloneuralia and
gnathifera (ed. A Schmidt-Rhaesa), pp. 217–300.
Berlin, Germany: De Gruyter.

16. Murray JW, Alve E, Jones BW. 2011 A new look at
modern agglutinated benthic foraminiferal
morphogroups: their value in palaeoecological
interpretation. Palaeogeogr. Palaeoclimatol. Palaeoecol.
309, 229–241. (doi:10.1016/j.palaeo.2011.06.006)

17. Zatoń M, Bond DPG. 2016 Insight into tube-building
behaviour and palaeoecology of some agglutinating
worms from the Upper Devonian of Nevada, USA.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 445,
138–146. (doi:10.1016/j.palaeo.2015.12.020)

18. Parry L, Tanner A, Vinther J. 2014 The origin of
annelids. Palaeontology 57, 1091–1103. (doi:10.
1111/pala.12129)

19. Chen H, Parry LA, Vinther J, Zhai D, Hou X, Ma X.
2020 A Cambrian crown annelid reconciles
phylogenomics and the fossil record. Nature 583,
249–252. (doi:10.1038/s41586-020-2384-8)

20. Signor PW, McMenamin MAS. 1988 The Early
Cambrian worm tube Onuphionella from California

https://doi.org/10.5281/zenodo.5015076
https://doi.org/10.5281/zenodo.5015076
https://doi.org/10.5281/zenodo.5015076
http://dx.doi.org/10.1130/GSATG265A.1
http://dx.doi.org/10.24199/j.mmv.2014.71.12
http://dx.doi.org/10.3176/earth.2009.4.07
http://dx.doi.org/10.3176/earth.2009.4.07
http://dx.doi.org/10.1111/j.1096-3642.2008.00421.x
http://dx.doi.org/10.1111/j.1475-4983.2008.00763.x
http://dx.doi.org/10.1016/j.jsb.2010.05.010
http://dx.doi.org/10.1016/j.jsb.2010.05.010
http://dx.doi.org/10.4202/app.00049.2013
http://dx.doi.org/10.4202/app.00049.2013
http://dx.doi.org/10.1016/j.actbio.2018.03.037
http://dx.doi.org/10.1016/j.geobios.2009.10.004
http://dx.doi.org/10.1016/j.geobios.2009.10.004
http://dx.doi.org/10.1016/j.ecss.2008.10.010
http://dx.doi.org/10.1016/j.zool.2020.125849
http://dx.doi.org/10.1016/j.zool.2020.125849
http://dx.doi.org/10.3354/meps064123
http://dx.doi.org/10.3354/meps064123
http://dx.doi.org/10.1016/j.palaeo.2011.06.006
http://dx.doi.org/10.1016/j.palaeo.2015.12.020
http://dx.doi.org/10.1111/pala.12129
http://dx.doi.org/10.1111/pala.12129
http://dx.doi.org/10.1038/s41586-020-2384-8


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20211143

8

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

08
 A

ug
us

t 2
02

1 
and Nevada (USA). J. Paleontol. 62, 233–240.
(doi:10.1017/s0022336000029863)

21. Ettensohn FR. 1981 Crininicaminus haneyensis, a
new agglutinated worm from the Chesterian of
east-central Kentucky. J. Paleontol. 55, 479–482.

22. Finger KL, Flenniken MM, Lipps JH. 2008
Foraminifera used in the construction of Miocene
polychaete worm tubes, Monterey formation,
California, USA. J. Foraminifer. Res. 38, 277–291.
(doi:10.2113/gsjfr.38.4.277)

23. Muir LA, Botting JP, Lefebvre B, Upton C, Zhang YD.
2019 Agglutinated tubes as a feature of Early
Ordovician ecosystems. Palaeoworld 28, 96–109.
(doi:10.1016/j.palwor.2019.01.004)

24. Sedorko D, Netto RG, Savrda CE. 2018 Ichnology
applied to sequence stratigraphic analysis of Siluro-
Devonian mud-dominated shelf deposits, Paraná
Basin, Brazil. J. South Am. Earth Sci. 83, 81–95.
(doi:10.1016/j.jsames.2018.02.008)

25. Horodyski RS, Brett CE, Sedorko D, Bosetti EP,
Scheffler SM, Ghilardi RP, Iannuzzi R. 2019 Storm-
related taphofacies and paleoenvironments of
Malvinokaffric assemblages from the Lower/Middle
Devonian in southwestern Gondwana. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 514, 706–722. (doi:10.
1016/j.palaeo.2018.10.001)

26. Sedorko D, Netto RG, Horodyski RS. 2019 Tracking
Silurian-Devonian events and paleobathymetric
curves by ichnologic and taphonomic analyzes in
the southwestern Gondwana. Glob. Planet. Change
179, 43–56. (doi:10.1016/j.gloplacha.2019.05.007)

27. Sedorko D et al. 2021 Paleoecologic trends of
Devonian Malvinokaffric fauna from the Paraná Basin
as evidenced by trace fossils. J. South Am. Earth Sci.
109, 103220. (doi:10.1016/j.jsames.2021.103200)

28. Vinn O, Zabini C, Sene-Silva G, Kirsimäe K, Susan-
Marcos L. 2016 Possible polychaete tubeworms
from the Late Emsian (Early Devonian) of the
Parana Basin, Brazil. Acta Palaeontol. Pol. 61,
627–632. (doi:10.4202/app.00206.2015)

29. Stampar SN, Beneti JS, Acuña FH, Morandini AC.
2015 Ultrastructure and tube formation in
Ceriantharia (Cnidaria, Anthozoa). Zool. Anz. 254,
67–71. (doi:10.1016/j.jcz.2014.11.004)

30. Emig CC. 1982 The Biology of Phoronida. Adv.
Mar. Biol. 19, 1–89. (doi:10.1016/S0065-
2881(08)60086-3)

31. Nehring S. 1993 Tube-dwelling Meiofauna in
Marine Sediments. Int. Rev. der gesamten Hydrobiol.
Hydrogr. 78, 521–534. (doi:10.1002/iroh.
19930780411)

32. Mills EL. 1967 The biology of an ampeliscid
amphipod crustacean sibling species Pair. J. Fish.
Res. Board Canada 24, 305–355. (doi:10.1139/
f67-030)

33. Johnson SB, Attramadal YG. 1982 A functional-
morphological model of Tanais cavolinii Milne-
Edwards (Crustacea, Tanaidacea) adapted to a
tubicolous life-strategy. Sarsia 67, 29–42. (doi:10.
1080/00364827.1982.10421329)

34. Copilaş-Ciocianu D, Borko Š, Fišer C. 2020 The late
blooming amphipods: global change promoted
post-Jurassic ecological radiation despite Palaeozoic
origin. Mol. Phylogenet. Evol. 143, 106664. (doi:10.
1016/j.ympev.2019.106664)

35. Heard RW, Morales-Núñez AG, de Lourdes Serrano-
Sánchez M, Coutiño MA, Barragán R, Vega FJ. 2020
A new family, genus and species of Tanaidacea
(Crustacea; Apseudomorpha) from the Lower
Cretaceous (Aptian) of Chiapas, Mexico: Systematic
revisions, including designation of two new
Paleozoic families, and paleoenvironmental
observations. J. South Am. Earth Sci. 102, 102609.
(doi:10.1016/j.jsames.2020.102609)

36. Miller W. 1988 Giant Bathysiphon (Foraminiferida)
from Cretaceous turbidites, northern California.
Lethaia 21, 363–374. (doi:10.1111/j.1502-3931.
1988.tb01764.x)

37. Gooday AJ. 1988 The genus Bathysiphon (Protista,
Foraminiferida) in the NE Atlantic: revision of some
species described by de Folin (1886). J. Nat. Hist.
22, 71–93. (doi:10.1080/00222938800770061)

38. Sanfilippo R, Rosso A, Mastandrea A, Viola A, Deias
C, Guido A. 2019 Sabellaria alveolata sandcastle
worm from the Mediterranean Sea: new insights on
tube architecture and biocement. J. Morphol. 280,
1839–1849. (doi:10.1002/jmor.21069)

39. Busch DA, Loveland RE. 1975 Tube-worm-sediment
relationships in populations of Pectinaria gouldii
(Polychaeta: Pectinariidae) from Barnegat Bay, New
Jersey, USA. Mar. Biol. 33, 255–264. (doi:10.1007/
BF00390930)

40. Shcherbakova TD, Tzetlin AB. 2016 Fine structure of
agglutinated tubes of polychaetes of the family
Terebellidae (Annelida). Dokl. Biol. Sci. 466, 16–20.
(doi:10.1134/S0012496616010063)

41. Shcherbakova TD, Tzetlin AB, Mardashova MV,
Sokolova OS. 2017 Fine structure of the tubes of
Maldanidae (Annelida). J. Mar. Biol. Assoc. United
Kingdom 97, 1177–1187. (doi:10.1017/
S002531541700114X)

42. Bonar DB. 1972 Feeding and tube construction in
Chone mollis Bush (polychaeta, sabellidae). J. Exp.
Mar. Bio. Ecol. 9, 1–18. (doi:10.1016/0022-
0981(72)90002-0)

43. Fauchald K, Jumars PA. 1979 The diet of worms: a
study of polychaete feeding guilds. Oceanogr. Mar.
Biol. An Annu. Rev. 17, 193–284. (doi:10.5179/
benthos1970.1981.65)

44. Radashevsky VI, Pankova VV. 2013 Shell-boring
versus tube-dwelling: is the mode of life fixed or
flexible? Two cases in spionid polychaetes
(Annelida. Spionidae). Mar. Biol. 160, 1619–1624.
(doi:10.1007/s00227-013-2214-8)

45. Schiaparelli S, Jirkov IA. 2016 A reassessment of the
genus Amphicteis Grube, 1850 (Polychaeta:
Amphaetidae) with the description of Amphicteis
teresae sp. nov. from Terra Nova Bay (Ross Sea,
Antarctica). Ital. J. Zool. 83, 531–542. (doi:10.1080/
11250003.2016.1259359)

46. Lu H, Fauchald K. 2000 A phylogenetic and
biogeographic study of Euniphysa (Eunicidae,
Polychaeta). J. Nat. Hist. 34, 997–1044. (doi:10.
1080/00222930050020113)
47. Hartman O. 1951 Fabricinae (Feather-duster
Polychaetous Annelids) in the Pacific. Pacific Sci. 5,
379–391.

48. Myers AC. 1972 Tube-worm-sediment relationships
of Diopatra cuprea (Polychaeta: Onuphidae). Mar.
Biol. 17, 350–356. (doi:10.1007/BF00366746)

49. De Roach RJ. 2006 The polychaetes Australonereis
ehlersi (Augener) and Simplisetia aequisetis (Augener)
within the eutrophic Swan River Estuary, Western
Australia: Life history, population structure and effects
on sedimentary microbial nitrogen cycling. Doctoral
thesis, University of Western Australia.

50. Hutchings P, Peart R. 2000 A revision of the
Australian Trichobranchidae (Polychaeta). Invertebr.
Syst. 14, 225–272. (doi:10.1071/it98005)

51. Pabis K, Sobczyk R. 2017 Eulalia picta Kinberg,
1866: tube builder or specialized predator?
Polish Polar Res. 38, 485–491. (doi:10.1515/popore-
2017-0024)

52. Kiel S, Dando PR. 2009 Chaetopterid tubes from
vent and seep sites: implications for fossil record
and evolutionary history of vent and seep annelids.
Acta Palaeontol. Pol. 54, 443–448. (doi:10.4202/
app.2009.0022)

53. Martin D, Gil J, Carreras-Carbonell J, Bhaud M. 2008
Description of a new species of Mesochaetopterus
(Annelida, Polychaeta, Chaetopteridae), with
redescription of Mesochaetopterus xerecus and an
approach to the phylogeny of the family.
Zool. J. Linn. Soc. 152, 201–225. (doi:10.1111/j.
1096-3642.2007.00342.x)

54. Nishi E. 1999 Redescription of Mesochaetopterus
selangolus (Polychaeta: Chaetopteridae), based on
type specimens and recently collected material
from Morib Beach, Malaysia. Pacific Sci. 53,
24–36.

55. Zhang Y, Rouse GW, Qiu JW. 2015 A new species of
Mesochaetopterus (Annelida, Chaetopteridae) from
Hong Kong, with comments on the phylogeny of
the family. Zootaxa 3974, 495–506. (doi:10.11646/
zootaxa.3974.4.2)

56. Georgieva MN, Little CTS, Watson JS, Sephton MA,
Ball AD, Glover AG. 2019 Identification of fossil
worm tubes from Phanerozoic hydrothermal vents
and cold seeps. J. Syst. Palaeontol. 17, 287–329.
(doi:10.1080/14772019.2017.1412362)

57. Southward EC, Schulze A, Gardiner SL. 2005
Pogonophora (Annelida): form and function. In
Morphology, molecules, evolution and phylogeny in
polychaeta and related taxa (eds T Bartolomaeus, G
Purschke), pp. 227–251. Berlin, Germany: Springer.

58. Dufour SC, White C, Desrosiers G, Juniper SK. 2008
Structure and composition of the consolidated mud
tube of Maldane sarsi (Polychaeta: Maldanidae).
Estuar. Coast. Shelf Sci. 78, 360–368. (doi:10.1016/j.
ecss.2007.12.013)

59. Kobayashi G, Goto R, Takano T, Kojima S. 2018
Molecular phylogeny of Maldanidae (Annelida):
multiple losses of tube-capping plates and
evolutionary shifts in habitat depth. Mol.
Phylogenet. Evol. 127, 332–344. (doi:10.1016/j.
ympev.2018.04.036)

http://dx.doi.org/10.1017/s0022336000029863
http://dx.doi.org/10.2113/gsjfr.38.4.277
http://dx.doi.org/10.1016/j.palwor.2019.01.004
http://dx.doi.org/10.1016/j.jsames.2018.02.008
http://dx.doi.org/10.1016/j.palaeo.2018.10.001
http://dx.doi.org/10.1016/j.palaeo.2018.10.001
http://dx.doi.org/10.1016/j.gloplacha.2019.05.007
http://dx.doi.org/10.1016/j.jsames.2021.103200
http://dx.doi.org/10.4202/app.00206.2015
http://dx.doi.org/10.1016/j.jcz.2014.11.004
http://dx.doi.org/10.1016/S0065-2881(08)60086-3
http://dx.doi.org/10.1016/S0065-2881(08)60086-3
http://dx.doi.org/10.1002/iroh.19930780411
http://dx.doi.org/10.1002/iroh.19930780411
http://dx.doi.org/10.1139/f67-030
http://dx.doi.org/10.1139/f67-030
http://dx.doi.org/10.1080/00364827.1982.10421329
http://dx.doi.org/10.1080/00364827.1982.10421329
http://dx.doi.org/10.1016/j.ympev.2019.106664
http://dx.doi.org/10.1016/j.ympev.2019.106664
http://dx.doi.org/10.1016/j.jsames.2020.102609
http://dx.doi.org/10.1111/j.1502-3931.1988.tb01764.x
http://dx.doi.org/10.1111/j.1502-3931.1988.tb01764.x
http://dx.doi.org/10.1080/00222938800770061
http://dx.doi.org/10.1002/jmor.21069
http://dx.doi.org/10.1007/BF00390930
http://dx.doi.org/10.1007/BF00390930
http://dx.doi.org/10.1134/S0012496616010063
http://dx.doi.org/10.1017/S002531541700114X
http://dx.doi.org/10.1017/S002531541700114X
http://dx.doi.org/10.1016/0022-0981(72)90002-0
http://dx.doi.org/10.1016/0022-0981(72)90002-0
http://dx.doi.org/10.5179/benthos1970.1981.65
http://dx.doi.org/10.5179/benthos1970.1981.65
http://dx.doi.org/10.1007/s00227-013-2214-8
http://dx.doi.org/10.1080/11250003.2016.1259359
http://dx.doi.org/10.1080/11250003.2016.1259359
http://dx.doi.org/10.1080/00222930050020113
http://dx.doi.org/10.1080/00222930050020113
http://dx.doi.org/10.1007/BF00366746
http://dx.doi.org/10.1071/it98005
http://dx.doi.org/10.1515/popore-2017-0024
http://dx.doi.org/10.1515/popore-2017-0024
http://dx.doi.org/10.4202/app.2009.0022
http://dx.doi.org/10.4202/app.2009.0022
http://dx.doi.org/10.1111/j.1096-3642.2007.00342.x
http://dx.doi.org/10.1111/j.1096-3642.2007.00342.x
http://dx.doi.org/10.11646/zootaxa.3974.4.2
http://dx.doi.org/10.11646/zootaxa.3974.4.2
http://dx.doi.org/10.1080/14772019.2017.1412362
http://dx.doi.org/10.1016/j.ecss.2007.12.013
http://dx.doi.org/10.1016/j.ecss.2007.12.013
http://dx.doi.org/10.1016/j.ympev.2018.04.036
http://dx.doi.org/10.1016/j.ympev.2018.04.036


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20211143

9

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

08
 A

ug
us

t 2
02

1 
60. Cameron B. 1967 Fossilization of an ancient
(Devonian) soft-bodied worm. Science 155,
1246–1248. (doi:10.1126/science.155.3767.1246)

61. Weigert A, Bleidorn C. 2016 Current status of
annelid phylogeny. Org. Divers. Evol. 16, 345–362.
(doi:10.1007/s13127-016-0265-7)

62. Erwin DH, Laflamme M, Tweedt SM, Sperling EA,
Pisani D, Peterson KJ. 2011 The Cambrian
conundrum: early divergence and later ecological
success in the early history of animals. Science 334,
1091–1097. (doi:10.1126/science.1206375)

63. McIlroy D, Green OR, Brasier MD. 2001
Palaeobiology and evolution of the earliest
agglutinated Foraminifera: Platysolenites,
Spirosolenites and related forms. Lethaia 34, 13–29.
(doi:10.1080/002411601300068170)

64. Bosak T, Lahr DJG, Pruss SB, Macdonald FA, Gooday
AJ, Dalton L, Matys ED. 2012 Possible early
foraminiferans in post-sturtian (716–635 Ma) cap
carbonates. Geology 40, 67–70. (doi:10.1130/
G32535.1)

65. Yochelson EL, Kisselev GN. 2003 Early Cambrian
Salterella and Volborthella (Phylum Agmata)
re-evaluated. Lethaia 36, 8–20. (doi:10.1080/
00241160310001254)

66. Muir LA, Botting JP, Walker SNA, Schiffbauer JD,
MacGabhann BA. 2018 Onuphionella corusca sp. nov.:
an early Cambrian-type agglutinated tube from
Upper Ordovician strata of Morocco. Geol. Soc. London
Spec. Publ. 485, SP485.7. (doi:10.1144/SP485.7)

67. Žítt J, Vodrážka R. 2013 Terebella phosphatica
Leriche (Polychaeta) associated with
phosphatic crusts and particles (Lower Turonian,
Bohemian Cretaceous Basin, Czech Republic).
Cretac. Res. 41, 111–126. (doi:10.1016/j.cretres.
2012.11.003)

68. Leinfelder RR, Krautter M, Nose M, Ramalho M,
Werner W. 1993 Siliceous sponge facies from the
Upper Jurassic of Portugal. Neues Jahrb. Geol.
Palaontol. Abh. 189, 199–254.

69. Kaya MY, Altiner D. 2014 Terebella lapilloides
Münster, 1833 from the Upper Jurassic–Lower
Cretaceous İnaltı carbonates, northern Turkey: its
taxonomic position and paleoenvironmental-
paleoecological significance. Turkish J. Earth Sci. 23,
166–183. (doi:10.3906/yer-1306-2)
70. Keupp H, Gründel J, Wiese R. 2014 New
agglutinated polychaete worm-tubes from the
Lower Jurassic (Late Pliensbachian) of Southern
Germany. Neues Jahrb. fur Geol. und
Palaontologie—Abhandlungen 273, 241–251.
(doi:10.1127/0077-7749/2014/0426)

71. Vinn O, Luque J. 2013 First record of a
pectinariid-like (Polychaeta, Annelida) agglutinated
worm tube from the Late Cretaceous of Colombia.
Cretac. Res. 41, 107–110. (doi:10.1016/j.cretres.
2012.11.004)

72. Katto J. 1976 Additional problematica from
southwest Japan. Res. Reports, Kochi Univ. Natl. Sci.
25, 17–24.

73. Gagaev SY. 2017 Fossil impressions of pectinariid
tubes (Polychaeta) in Miocene sediments of the
Sakhalin Island. Zoosystematica Ross. 26, 212–214.
(doi:10.31610/zsr/2017.26.2.212)

74. Becker-Kerber B, Horodyski RS, del Mouro L,
Sedorko D, Lehn I, Sanchez DF, Fournier J, Mazurier
A, El Albani A. 2021 Devonian agglutinated
polychaete tubes: all in all it’s just another grain in
the wall. FigShare.

http://dx.doi.org/10.1126/science.155.3767.1246
http://dx.doi.org/10.1007/s13127-016-0265-7
http://dx.doi.org/10.1126/science.1206375
http://dx.doi.org/10.1080/002411601300068170
http://dx.doi.org/10.1130/G32535.1
http://dx.doi.org/10.1130/G32535.1
http://dx.doi.org/10.1080/00241160310001254
http://dx.doi.org/10.1080/00241160310001254
http://dx.doi.org/10.1144/SP485.7
http://dx.doi.org/10.1016/j.cretres.2012.11.003
http://dx.doi.org/10.1016/j.cretres.2012.11.003
http://dx.doi.org/10.3906/yer-1306-2
http://dx.doi.org/10.1127/0077-7749/2014/0426
http://dx.doi.org/10.1016/j.cretres.2012.11.004
http://dx.doi.org/10.1016/j.cretres.2012.11.004
http://dx.doi.org/10.31610/zsr/2017.26.2.212

	Devonian agglutinated polychaete tubes: all in all it's just another grain in the wall
	Introduction
	Results
	Occurrence, morphology and ecology
	Agglutinated nature of the tubes

	Discussion
	Palaeobiology of Annulitubus mutveii
	Biological affinities
	The fossil record of agglutinated tubes with polychaete affinities

	Conclusion
	Methods
	Samples
	X-ray microtomography
	SEM/EDS
	Raman
	SR-µXRF
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding

	Acknowledgements
	References


