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Abstract: Continental rifting of the Tisza microplate started during the Late Jurassic and resulted in
phreatic eruptions, peperite, and the construction of a volcanic edifice in the Early Cretaceous in the
Mecsek Mountains (South Hungary). In the SE direction from the volcanic edifice at Zengővárkony,
a shallow marine (depth 100–200 m) carbonate sediment hosted a vent environment, and iron ore
deposition occurred at the end of the Valanginian to early Hauterivian, hosting a diverse, endemic
fauna of approximately 60 species. The detailed mineralogical analysis of the transport conduits
included Fe oxides (ferrihydrite, goethite, hematite, and magnetite), quartz, mixed carbonate, pyrite,
feldspar, Fe-bearing clay minerals, apatite, sulfates (barite, gypsum, and jarosite), and native sulfur.
Filamentous, microbially mediated microtextures with inner sequented, necklace-like spheric forms
(diameter of 1 µm) and bacterial laminae are also observed inside decapod crustacean coprolites
(Palaxius tetraochetarius) and in the rock matrix. This complex ecological and mineralogical analysis
provided direct evidence for the presence of bacteria in fossil sediment-hosted vent (SHV) environ-
ments on the one hand and for the intimate connection between bacteria and decapod crustaceans
in hydrothermal environments 135 Ma before. This observation completes the fossil food chain of
chemosynthesis-based ecosystems, from primary producers to the top carnivores reported for the
first time from this locality.

Keywords: chemosymbiotic fossil ecosystem; food chain; low-temperature venting; Valanginian–
Hauterivian; Tisza microplate; bacteria–decapod dependence; mineralogy

1. Introduction

The ecology, fauna, and geology of hydrothermal vents were immediately considered
in the field of geoscience after the discoveries of recent [1] and fossil [2] representatives.
These “classic” hydrothermal vent ecosystems have substrates of exposed rocks with limited
or no sediment cover and are located at water depths less than 2000 m with fluid flow
rates ranging from 0.1–6.2 m/s [3]. However, shallow marine (<200 m) counterparts are
rare. Beaulieu and Szafrański [4] reported only 55 hydrothermal vents with water depths
less than 150 m from 722 recent localities (7.6%), indicating limited occurrence of shallow
marine venting; this conclusion was supported recently by [5], who reported forty-nine
sites, of which only three were considered shallow marine. These types are characterized by
very low flow rates ranging from 0.0001 m/s to 0.15 m/s [6] and are usually associated with
sediment cover. Approximately 20 vent sites are known to exist within the water depth
range of 100 to 200 m [7]. In many cases, geothermal and sedimentary domains can overlap,
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leading to hybrid geological systems. These hybrid systems are known as sediment-hosted
geothermal systems or sediment-hosted hydrothermal systems [8]. This terminology refers
to sedimentary basins perturbed by magmatic intrusions or involved in volcanic plumbing
systems. Experts dealing with venting are born on plate margins and use other terminology,
e.g., sediment-hosted vents (SHV) [9]. We use the latter term because this term exclusively
represents hydrothermal vents that are related to sediment cover and are directly related to
rifting and volcanic processes, either at plate margins or within plate positions. Sediment-
hosted shallow marine vents are rare but likely to promote chemosynthetic microbial
activity and generate an enhanced food supply for infauna compared with background
environments, as [10] presented and later confirmed [11]. The majority of known recent
SHV environments are reported at water depths greater than 500 m [12].

The recent SHV communities are rare, as are their fossil counterparts. The first census
on chemosymbiotic fossil ecosystems [13] reported 59 occurrences, of which only 13 ancient
hydrothermal localities are known. Even a recent census [5] did not refer to significantly
more recent SHV occurrences.

Proteobacteria play a major role in recent deep-sea hydrothermal vent ecosystems [14]
and play an important role in SHV biota, irrespective of whether they oxidize or reduce
sulfur. Sulfur-oxidizing chemolithotroph bacteria in hydrothermal environments are consid-
ered cosmopolitan in recent deep-sea vents [15] because of the wide range of electron donors
and/or acceptors available for their biological activities, as (Table 2 in [7]) demonstrated.

Prokaryotes can produce widely different sulfur isotope fractionations during sulfate
reduction [16]. Bacterial sulfide oxidation was long considered impossible; however, based
on recent research [17] reporting that Desulfurivibrio alkaliphilus generates a consistent
enrichment of sulfur −32 as low as −34‰ δ34S seems to be feasible. This observation
challenges the consensus that the microbial oxidation of sulfide does not result in large 34S
enrichments and may provide a plausible explanation for the presence of highly negative
δ34S measurements in fossil SHVs. In the following, we summarize the recent knowledge
on the fossil SHV environment, highlighting the scope and background of our research.

The tiny depositional iron ore body at Zengővárkony (Mecsek Mountains, South
Hungary) was discovered by Mr. Rezső Dezső, a private entrepreneur who made magnetic
inclination measures in the 1930s. After World War II, the Hungarian State opened an
ore mine that produced approximately 24,850 tons of iron ore between 1954 and 1956 [18].
Scientific research has also started [19], and a rich microfossil content was reported by [20].
This material was analyzed by [21], who reported six new crustacean microcoprolite ich-
nospecies. Iron ore generation was linked to early volcanic activity in the region [22].
Fülöp in [23] reported macrofossils from the dumps of the ore mine (ammonites, belem-
nites, brachiopods, echinoids, crinoids, and gastropods) and considered their age late
Valanginian. A synthesis of the geological evolution of the region was provided by [24,25].
Bércziné et al. [26] included the Zengővárkony area in a paleogeographic reconstruction
and located it in a shallower environment; however, they did not discuss the ore body and
neglected to include it in a broader geological context.

Regarding the age of the succession, [27] used belemnites and dinoflagellate cysts to
determine the age of the succession and concluded a late Valanginian to earliest Hauterivian
age, confirming Fülöp in [23].

Bujtor [28] reported a rich brachiopod fauna from the locality that revealed a striking
increase in size. Bujtor [29] proposed a venting or seeping origin, while [30] proposed
a hot/warm hydrothermal origin; however, later, they proposed the idea of venting or
seeping [31] and considered the succession of hydrothermal sediments, and [31] made
sulfur stable isotopes from the Zengővárkony SHV (Figure 1). The authors obtained δ34S
isotopic values of −35.9‰ and −28.0‰. Bujtor and Nagy [32] also made sulfur isotope
measurements that were in line with [31], and all the samples provided data from −40.4‰
to −19.3‰ δ34S.
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Rhombohedral calcite is present together with quartz-amethyst as holohedral crystal
nests alongside the sulfide channels (Figure 2). Jáger et al. [31] reported that the mean
temperature of primary fluid inclusions was 129 ◦C (range 98–145 ◦C), which does
not contradict the observed temperature range of recent vent localities from that water
depth [33].
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Figure 1. Map of the study area with a stratigraphic outline. (A) Simplified map of Hungary. The
black border rectangle indicates the study area. (B) Lithostratigraphy of the Mecsek Zone for the
study period. Numerical ages after [34]. Legend: ALF: Apátvarasd Limestone Fm; KLF: Kisújbánya
Limestone Fm; MBF: Mecsekjánosi Basalt Fm; MCF: Magyaregregy Conglomerate Fm; MLF: Márévár
Limestone Fm. (C) The study area relative to the Mecsek Mountains. The black border rectangle
indicates the study area. (D) Zengővárkony area. Asterisks indicate the localities in the Dezső Rezső
Valley and the Jeri plowland.

Bujtor and Nagy [32] concluded that the most plausible water depth for the Zengővárkony
environment could have been between 100 and 200 m (Figure 13 in [32]). From a water
depth range between 200 and 400 m, only 16 active hydrothermal vent localities have been
reported (Figure 4 in [33]) out of 521 localities (=3%), indicating a rare position for the
Zengővárkony SHV.
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Figure 2. Rhombohedral calcite crystals and holohedral quartz-amethyst crystals grew on the pillow
lava surface alongside the fluid transport conduits. The sampling point coordinates are 46.1851◦ N,
18.4553◦ E. Scale bars indicate 1 cm.

Understanding the genesis of the Early Cretaceous iron ore was ambiguous for several
decades. The first evidence of iron ore formation at this water depth in similar marine
environments was obtained by [35]. This iron ore formation in SHV environments is
from a similar geodynamic system in the Aeolian Islands, Tyrrhenian Sea, Italy, where
at water depths between 80 and 400 m, there is an active fault system through which
hydrothermal fluids enter the sea floor at temperatures ranging from 40 to 140 ◦C [36]. This
thermal environment is strongly correlated with the Zengővárkony SHV. However, the
faunal compositions of Zengővárkony and its counterpart at Panarea Island are generally
similar, but the lack of decapod crustaceans at Panarea and the diverse decapod crustacean
microcoprolites at Zengővárkony must be explained. Decapod crustaceans are the most
important constituents of recent deep-sea hydrothermal vents [37] and are the primary
consumers in the food chain. At Zengővárkony, the decapod crustacean microcoprolite
ichnofauna is the most diverse species of the Mesozoic [32].

Although rich and diverse decapod crustaceans live on deep-sea hydrothermal vents,
they are not the same on shallow marine soft substrates where burrowing decapods are
frequent around the venting area [38] and are ghost shrimp (Callianassidae) that produce
10-channelled microcoprolites [39]; however, matching them with their host species is
ambiguous, as [40,41] noted. The Zengővárkony locality indicates a fossil environment
similar to that of the recent one at Milos Island, Greece [38,42]: at the center of the SHV,
primary mineral formation occurred, and transport conduit packets developed through
the unconsolidated carbonate sediments; at the soft lime ooze, apron decapod crustaceans
lived, and they are considered neighboring heteropic biofacies. Two questions remain to
be answered. First, where are the bacteria that are the primary producers of this fossil
ecosystem? Second, how was the Fe enrichment (iron ore, indication) formed?

The aim of this paper is to present a novel mineralogical and detailed elemental
analysis of this environment, including elemental maps and a proven connection between
primary producers (bacteria) and primary consumers (decapod crustaceans). We propose
that carbonate sediment-hosted vent environments are useful indicators for identifying
fossil active plate margin areas in geological records.

2. Materials and Methods
2.1. Materials

Materials were collected chiefly during the field campaigns between 2010 and 2013,
with occasional later recollections in 2016, out of which 5 samples were selected for the
results described in Table 1.
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Table 1. Lithological descriptions of the selected samples and the applied methods. Abbreviations:
OM: optical rock microscopy; XRD: X-ray powder diffraction; FTIR: infrared spectroscopy; SEM–EDS:
electron probe microanalysis. The number in brackets shows the number of spectra acquired by
SEM–EDS; map: elemental map. The samples and thin sections are shown in Figure S1.

Sample
No.

ID
Number

Sampling Site Description
Used Methods

XRD OM FTIR SEM (EDS)

1 1
SE, Dezső Rezső
Valley, Zengővárkony,
Mecsek Mountains

Weathered sample fragments from hydrothermal channels
through the nonconsolidated lime mud during venting. 1 44 64 26 (107)

4 maps

2 4
SE, Dezső Rezső
Valley, Zengővárkony,
Mecsek Mountains

Packet of hydrothermal channels nested in and among
calcite-quartz mineral nests developed on the volcanite
surface.

1 25 34 6 (40)

3 9

Jeri plowland S of
Dezső Rezső Valley,
Zengővárkony,
Mecsek

Peperite sample block from the plowland revealing
purple-colored micrite, biogenic fragments (mainly
echinoderms) and altered volcanite grains with a greater
fragment of a bivalve shell.

1 20 25 5 (28)

4 12
NW Dezső Rezső
Valley, Zengővárkony,
Mecsek Mountains

Metasomatized limestone block. 1 21 26 6 (28)

5 13
NW Dezső Rezső
Valley, Zengővárkony,
Mecsek Mountains

Sample of a partly metasomatized limestone block
revealed purple-colored micrite with mudstone texture. 1 37 23 10 (28)

4 maps

Total 5 5 147 172 53 (231)
8 maps

Repositories. The analyzed samples and thin sections with their accompanying host rocks were deposited at
the Rock Archive of EKKE (6 Leányka Street, H-3300 Eger, Hungary), Building D, Room 115, and Box D103; ID
numbers: 2662 (sample 1), 2665 (sample 2), 2670 (sample 3), 2673 (sample 4), and 2674 (sample 5).

2.2. Applied Methods
2.2.1. Optical Rock Microscopy (OM)

Petrographic structural-textural studies were performed on 5 thin sections in transmit-
ted and reflected light (NIKON ECLIPSE 600 rock microscope, IGGR RCAES HUN-REN,
Budapest, Hungary). A total of 147 photos were taken.

2.2.2. X-ray Powder Diffraction (XRD)

The bulk mineralogical compositions of the 5 samples were analyzed by a Rigaku
Miniflex-600 X-ray diffractometer with CuKα radiation and a graphite monochromator
at 40 kV and 15 mA. Random powder samples were scanned with a step size of 0.05◦

2 theta and a counting time of 1 s per step over a measuring range of 2◦ to 70◦ 2 theta.
For qualitative analysis, the Rigaku PDXL2 software was used for phase identification
based on the ICDD database. For the quantitative analysis of the samples, the diffraction
patterns were processed using Siroquant V4 software, and the modal contents were de-
termined by the Rietveld method. Analyses were performed at IGGR RCAES HUN-REN,
Budapest, Hungary.

2.2.3. FTIR

Fourier transform infrared (FTIR) spectrometry was used for in situ micromineral-
ization and organic material identification on 5 thin sections (172 spectra) using a Bruker
FTIR VERTEX 70 instrument equipped with a Bruker HYPERION 2000 microscope with
a 20× ATR objective and an MCT-A detector. During attenuated total reflectance Fourier
transform infrared (ATR) spectroscopy, the samples were contacted with a Ge crystal
(0.5 micron) tip under 1 N pressure. The measurement was conducted for 32 s in the
600–4000 cm−1 range with 4 cm−1 resolution. Opus 5.5 software was used to evaluate
the data. Identification of minerals was based on mineralogical databases (Database of
Raman spectroscopy, X-ray diffraction, and chemistry of minerals: http://rruff.info/ ac-
cessed on 1 January 2020) and published references [43–48]. Contamination by epoxy
glue and glass was considered. Analyses were performed at IGGR RCAES HUN-REN,
Budapest, Hungary.

http://rruff.info/
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Polgári and Gyollai [49] summarized the aspects of biogenicity, and complex method-
ologies were developed on the basis of research experience, high-resolution measurements
in situ, and complex interpretations based on structural hierarchy; this approach represents
a multitiered verification process for this evidence, as there is no single factor, “micro-
bial biogenicity,” in geological samples [50,51]. Well-founded statements about biogenic
origin require a system-based approach and comprehensive, complex, high-resolution
studies [52].

2.2.4. SEM–EDS

To determine the elemental composition and distribution of certain sections of the
samples, a JEOL JSM-IT700HR electron microscope (20 keV, 3 nA) with an AZtec X-ACT
Premium SDD spectrometer was used with a 1–2 µm spatial resolution with a thin graphite
cover layer deposited under vacuum. Fifty-three backscattered electron images, 231 spectra,
and 8 elemental maps were taken. Analyses were performed at IGGR RCAES HUN-REN,
Budapest, Hungary.

3. Geological Setting

The Mecsek Mountains, the northernmost unit of the Mecsek Nappe-system, or the
Tisza Mega-unit, are considered microplates [53,54] (and were recently situated in the south-
ern part of the Carpathian Basin). The Middle Jurassic began to detach this lithospheric
fragment from the southern margin of the European plate. Early Cretaceous volcanic activ-
ity and its products were recognized early [55]. The first evidence for intraplate volcanic
activity was provided by [56] as peperites from a drill at Kisbattyán (Figure 1C), supporting
the interpretation of early researchers [19,20,22]. The radiometric ages are in line with
earlier observations and provide evidence that the paroxysm associated with volcanic
activity was between 135 and 100 Ma [57].

4. Studied Sections

The localities are natural or artificial outcrops, or samples are revealed as loose blocks due
to either mining (abandoned ore dump) or agricultural (cultivated plowland) activities situated
in the Dezső Rezső Valley and its surrounding plowland. In the latter cases, weathering was
not considered a serious overprinting factor because mining ceased in 1956 and the cultivation
of plowland that produced samples from agricultural fields has recently progressed.

4.1. Dezső Rezső Valley Outcrops

This valley traverses the continuous Upper Jurassic–Lower Cretaceous sequence from
the SE to the NW, including the depositional iron ore bed. On the southern flank of the
valley, there are still the remains of uncovered airshafts and scattered blocks from mining.
Loose blocks were also collected here (Figures 2–4).

4.1.1. Hydrothermal Deposits (Figures 3 and 4)

These tubular, cylindrical packets of transportation channels were first reported by [30],
who considered hydrothermal vent chimneys. These weathered fragments were collected
from the valley floor, and both slopes were rarely in situ, more frequently as loose blocks at
the SE end of the Dezső Rezső Valley. Hydrothermal deposits are various. Figure 3 shows
the remains of the fossilized transport conduits, while Figure 4 highlights the root region
of these transport conduits attached to the former sea floor, surrounded by crystallized
limestone, holohedral calcite, and sometimes quartz–amethyst crystals.
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scribed in detail by [27–29,32,58–60]. This section uncovers the Mecsekjánosi Basalt Fm. (fully 
altered ankaramite), on which the Apátvarasd Limestone Fm. settled (Figure 5). At other 
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mm in diameter are well observed [32]. On the surface of the volcanite, a red, thin, fossiliferous 
bed rests concordantly and is partially or fully metasomatized. The fossiliferous bed yielded 
very rich megafauna and microfauna [28,32]. Coordinates: 46.1854° N, 18.4530° E. 

A B C 

Figure 4. A well-preserved fragment of hydrothermal sediments from its root region (A) collected
from the valley floor in 2008. Note the recrystallized lime mud surrounding the conduit channels
(B,C). These fluid and gas transporting channels are usually in packets (4–12 channels in a packet)
with a diameter between 1 and 4 mm (C). The walls of these materials are not flat but pitted, as if
bubbles or drops had imprinted these spherical structures into their walls. (A) Vertical section of the
transport conduits in the root region surrounded by calcite crystals. (B) Oblique view of the transport
conduits showing the vertical and horizontal sections. (C) Horizontal view and cross-section of the
transport conduits. Note the radially grown calcite crystal filaments around the transport conduits
nested in the darker-colored micritic matrix. The scale bars indicate 1 cm.

4.1.2. Limestone Beds (Apátvarasd Limestone Fm.)

The outcrop that traverses these beds is an artificial outcrop excavated at the southern
slope of the NW end of the Dezső Rezső Valley, 450 m east of the M6 main road. This
is described in detail by [27–29,32,58–60]. This section uncovers the Mecsekjánosi Basalt
Fm. (fully altered ankaramite), on which the Apátvarasd Limestone Fm. settled (Figure 5).
At other points in the valley, weathered versions of the chilled margins of the pillows
and vesicles 1–6 mm in diameter are well observed [32]. On the surface of the volcanite,
a red, thin, fossiliferous bed rests concordantly and is partially or fully metasomatized.
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The fossiliferous bed yielded very rich megafauna and microfauna [28,32]. Coordinates:
46.1854◦ N, 18.4530◦ E.
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Figure 5. Artificial section from the NW wall of the Dezső Rezső Valley in 2006. The section traverses
the Mecsekjánosi Basalt (below) and the Apátvarasd Limestone Formations (upper). Fossiliferous
limestone basal beds (indicated in dark purplish-brown thin beds) resting on the fully altered surface
of the ankaramite volcanite body. Coordinates: 46.1854◦ N, 18.4530◦ E.

4.2. Jeri Plowland (Apátvarasd Limestone, Figure 6)

According to the mining data [18], the Dezső Rezső Valley is placed almost perpendic-
ularly to the dip of the iron ore body, which continues in the southern direction from the
valley [18] (p. 189) (Figure 2) beneath the plowland beyond a further 200 m. Occasionally,
spring or autumn plowing delivers blocks from the lower soil. In this way, we collected
these samples in the field (Figure 6).
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Figure 6. Fragment of a peperite block from the Jeri plowland, Zengővárkony, Mecsek Mountains.
Note the dark purple-colored mudstone textured micrite (1), the brownish-colored wackestone
textured limestone (2), the green-colored volcanite particles (3), and the shelly remaining bivalve (4).
Coordinates: 46.1849◦ N, 18.4533◦ E. The scale bar indicates 1 cm.



Minerals 2024, 14, 125 9 of 22

5. Results
5.1. Textural and Mineralogical Observations
Optical Rock Microscopy (OM) and SEM–EDS

In all the thin sections (Figure S1), adequate high-resolution optical rock microscopy
(1000×) reveals a series of mineralized microbially produced textures as the main con-
stituents (Figure 7a–c). This microbial microtexture is a basic feature of all samples under
transmitted light (Figure S2). Well-preserved and mineralized remains of diverse se-
quential filaments with pearl necklace-like, vermiform inner signatures, and coccoid-like
forms embedded in the samples are observed. The whole sample appears densely woven,
often forming opaque parts (Figure 7a). The diameter of the mineralized filaments is
approximately 0.5–1 µm, the length of the filaments is variable, and the minerals are
very fine-grained (0.5–1 µm). The composition of the brown, opaque part is goethite,
which is very fine-grained. It contains traces of Al, Si, P, S, and Ca in different amounts,
ranging from a few tenths to some but less than 10 weight percentages. The quartz is
segregated. Silica and Fe oxides with Al, Mg, K, and Ca formed Fe-bearing clays. Rare
feldspars were detected.

Mineralized cross cuts of hydrothermal discharge channels are characteristic of
sample 1 (Figure 7f–h). Cauliflower-like and shell-like stromatolitic structures of quartz
and goethite occur. In some shells, there is native sulfur (10 × 50 µm) as well as barite among
fine goethite (magnetite?) grains. The shells include feldspar. Rarely, small pyrite (rarely
Mn-bearing) grains are preserved. In samples 1 and 4, framboidal-like pseudomorphs occur
as goethite, including barite (Figure 8a–h). Samples 4 and 9 contained carbonate matrixes,
in which a mineralized microbial network could be observed. Fe-bearing infiltration also
occurs with microbial biosignatures (Figure 7d). In sample 9 (peperite), altered glassy tuff
occurs as greenish remnants (clay transformation) (Figure 9a). Iron and Ti with V and
Mn traces are characteristic of this sample. Sample 12 contains carbonate and Fe-bearing
opaque phases. In some parts, breccia-like character occurs, and mineralized microbial
biosignatures are characteristic (Figure 9c,d). Decapod crustacean microcoprolite (Palaxius
tetraochetarius Palik, 1965) occurs in this sample as well as in sample 13, in which crustacean
coprolites also contain remnants of mineralized microbial biosignatures (Figure 9c–f). The
crustacean decapod microcoprolites contain goethite with the same composition as goethite
in the matrix (Figure 9c–e stars). High-resolution SEM–EDS showed the same goethite
composition in the mineralized microbially mediated microtexture (Figure 9e,f). All the
microcoprolites have similar mineral compositions to those of the carbonate host in which
they occur.

In addition, some microfossils (test fragments of benthic foraminifera) occur in
sample 13 (Figure 7e). Mineralized microbial biosignatures are also common based on
transparent and reflective photos (Figure 10a,b). Elemental maps represent tiny network-
like mineralized EPSs with iron and P (and Ti and some Mn) (Figures 9g,h and 10d–h).
Rare Ba-bearing Mn oxide grains also occurred. Debris material is not visible.

5.2. Mineralogical Composition
5.2.1. X-ray Powder Diffraction

The quantitative mineral compositions of the samples are summarized in Table 2.
Quartz, calcite, goethite, hematite, jarosite, siderite, and pyrite were detected.

5.2.2. FTIR

The samples were very fine-grained and fluffy, and debris minerals were not detected.
The main Fe minerals are ferrihydrite, goethite, and magnetite. In addition to the ore
minerals, quartz, feldspar (albite, orthoclase), ferrierite, phlogopite, celadonite, apatite,
calcite, dolomite, rhodochrosite, kutnohorite, and gypsum were detected (Table S1 and
Figure S3). The samples are rich in organic matter. SEM–EDS analyses revealed native
sulfur, barite, ilmenite, anatase, Ba-bearing Mn oxide, romanèchite (psilomelane), and
Fe-bearing clay minerals.
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shown by dashed arrows, transmitted light, 1 Nicol (1 N hereafter), sample 1, 4, 12; (e) Microfossil 
in a fine-grained clay-rich matrix transmitted light, 1 N, sample 13; (f) Backscattered electron image 
(BEI hereafter) obtained by SEM‒EDS of the stromatolitic structure around the proposed cross cut 
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structure detected on the S elemental map, sample 1; (h) Composed elemental map of (f), color leg-
end from left to right: Mn, Ca, Fe, S, Si. 

Figure 7. Brown, woven goethite-rich mineralized microbial biosignatures are shown by arrows
(a–d), on (c) well-preserved and mineralized remains of diverse sequential filaments with pearl
necklace-like, vermiform inner signatures are shown by normal arrows, and coccoid-like forms are
shown by dashed arrows, transmitted light, 1 Nicol (1 N hereafter), sample 1, 4, 12; (e) Microfossil in
a fine-grained clay-rich matrix transmitted light, 1 N, sample 13; (f) Backscattered electron image (BEI
hereafter) obtained by SEM–EDS of the stromatolitic structure around the proposed cross cut of the
hydrothermal discharge system, sample 1; (g) Native sulfur occurrence in the stromatolitic structure
detected on the S elemental map, sample 1; (h) Composed elemental map of (f), color legend from
left to right: Mn, Ca, Fe, S, Si.
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Figure 8. Elemental composition of the Fe-rich mineral assemblage and proposed cross-section
hydrothermal discharge system. SEM–EDS (BEI), sample 1; (a) Backscattered electron image obtained
by SEM–EDS of the Fe-rich mineral assemblage with barite in segregated quartz; morphology of the
mineral grains raises previous framboidal Fe-S system, which later oxidizes; (b) Composed elemental
map, color legend from left to right: Ba, S, Al, Fe, Si (Al and Si refer to clay minerals); (c–f) Elemental
maps of Si, Fe, S, and Ba; (g) Backscattered electron image obtained by SEM–EDS of the proposed Fe-
rich cross-cut hydrothermal discharge system in segregated quartz and carbonate host; (h) Composed
elemental map, color legend from left to right: Al, Ca, Fe, S, Si (Ca refers to calcite host, Al and Si
refer to clay minerals, S refers to native sulfur).
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Figure 9. Peperite, crustacean microcoprolites, and biomat in merged segregated quartz and carbonate
host. (a) Peperite, including volcanic glass (Glass), calcitized altering glass (Cal), and Fe-Ti opaque
minerals; transmitted light, 1 N; sample 9; (b) crustacean microcoprolite Favreina hexaochetarius
Palik, 1965, BEI by SEM–EDS; sample 13, legend: Go-goethite; Cal-calcite; FpCla-feldspar-clay
mineral; (c) Goethite-bearing microcoprolite Palaxius tetraochetarius Palik, 1965, transmitted light, 1 N;
sample 12; (d) Image of Palaxius tetraochetarius Palik, 1965 (c), BEI by SEM–EDS, legend: Go-goethite;
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Cal-calcite; (d) Enlarged ventral channel of P. tetraochetarius; and (c) with brown, woven goethite-rich
mineralized microbial biosignatures shown by arrows, transmitted light, 1 N, sample 12. All the
microcoprolites have similar mineral compositions to those of the carbonate host in which they
occur. As shown in (c,e), the host material is similar to the coprolite material in terms of microtexture
(mineralized microbially produced texture, filamentous with sequestered inner forms), mineral
composition, and elemental composition, as are the trace elements in goethite (S and P); (f) BEI
determined by SEM–EDS (e), legend: Go-goethite; Cal-calcite; (g) Biomat in merged segregated
quartz and carbonate host, BEI by SEM–EDS, sample 13; (h) Composed elemental map of (g), color
legend from left to right: Ti, Mn, Ba, Fe, P, Ca, Si (P yellow, and Ti, Mn, Fe refer to biomat).
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Figure 10. Fe-bearing biomat system in segregated quartz and carbonate host. (a) Stromatolitic
Fe-bearing biomat (arrow), transmitted light, 1 N, sample 12; (b–d) similar parts of biomat system
according to the reflected light image (arrow) (b), transmitted light, 1 N image (c) and BEI obtained
via SEM–EDS (d); (e) Composed elemental map of (d), color legend from left to right: Mn, Si, P, Fe,
Ca (P, Mn, Fe refers to biomat); (f–h) Fe, Ca, and P elemental maps obtained via SEM–EDS.
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Table 2. Quantitative mineral compositions of the selected samples determined via XRD. For sample
number descriptions, see Table 1.

Sample No. Calcite Quartz Hematite Goethite Jarosite Siderite Pyrite

1 - 52 - 30 5 - 13

4 2 98 - - - -

9 92 7 - 1 - -

12 74 1 2 21 - 2

13 67 2 1 30 - -

5.3. Microbial Activity

Among the recorded decapod crustacean microcoprolites, the most frequent isp. is
Palaxius tetraochetarius Palik, 1965 [61], which cooccurs with Favreina hexaochetarius Palik,
1965. Figure 9b–f shows this species, with remarkable evidence for the dependence of
decapod crustaceans on bacteria. Inside the coprolite (which has excellent preservation)
around the paired channels, fine, laminated necklace-like filaments are observed.

5.4. Fauna and Food Chain

The Zengővárkony SHV environment provided the most diverse Mesozoic microco-
prolite ichnofauna [21,31,59,61], which comprises 11 coprolite species (Favreina belandoi,
F. dispentochetarius, F. hexaochetarius (Figure 9b), F. octoochetarius, Helicerina siciliana, Parafavreina
huaricolcanensis, Palaxius darjaensis, P. decaochetarius, P. salataensis, P. tetraochetarius (Figure 9c,d), and
P. triochetarius (Figure 9c,d)). With such a diverse microcoprolite fauna, the food supply for
these crustaceans became crucial.

Based on the results, the food chain below can be outlined. References to the food
chain elements in recent environments are indicated in rounded brackets, and references to
the fossil environment at Zengővárkony SHV are indicated in square brackets.

Primary producers: vent and symbiotic bacteria (as recently noted [37,62]) [this paper].
Primary consumers included crustaceans (recent counterpart: vent shrimp; [37,63]),

[19–21,32,61], brachiopods (recent counterpart: vent mussels; [37,64]) [28,29,32,65], and
anthozoans (recent counterpart: sea anemone; [66]) [67–69].

First-order carnivores include crustaceans (recent counterparts: decapod crustaceans [37,70])
[as above] and regular echinoids (recent counterparts: asteroids, [70]; regular echinoids, [71])
[32,60,72,73].

Top-order carnivores: ammonites and belemnites (recent counterparts: cephalopods,
Vulcanoctopus [32]; Benthoctopus [74]) [27,32].

The scavengers used were crustaceans (recent counterpart: blind crabs and fishes, echin-
oderms, isopods, and amphipods [75]) and nautilids (recent counterpart: not known) [32].

6. Discussion
6.1. Mineralogy

The mineral composition was determined by different methods (XRD, FTIR, and
SEM–EDS). The mineral assemblage is summarized in Table 3. According to the XRD re-
sults, quartz, calcite, goethite, and pyrite were the main minerals, and traces of hematite,
siderite, and jarosite were detected. Jarosite was formed via the oxidation of pyritic
ore by microbial mediation [76–78]. This observation and small preserved pyrite grains
support sulfidic (pyrite-bearing) proto-mineralization, which was subsequently oxidized
to goethite (magnetite?). Goethite contains traces of sulfur, which supports this scenario.
Pyrite has Mn traces. Phosphor traces of goethite refer to microbially mediated formation
processes. Barite supports sulfide-bearing proto-mineralization, which is subsequently
oxidized to goethite and sulfate bonds Ba, forming a few µm barite grains (Figure 8).
The geological background host is carbonate, and the ooze bonds contain some of the
metal cations (Fe, Mg, and Mn) in the form of mixed carbonate, double carbonate, and
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kutnohorite, as determined by FTIR (Figures 11 and S3). Iron substitution in calcite in
samples 12 and 13 is more dominant. Mineralized cross cuts of submarine hydrothermal
discharge systems (sedimentary hydrothermal vent systems) with stromatolitic struc-
tures built up from quartz and goethite are preserved. In some layers of the stromatolite,
native sulfur occurs as the result of microbial sulfide oxidation [79] (Figure 7). Some
portion of the sulfate formed barite in the framboidal-like pseudomorphs of goethite
(magnetite?). Magnetite is the result of heterotrophic microbial-mediated and partly
reduced products of goethite (see [80,81]). Gypsum also supports this scenario, as it is
similar to the Úrkút-Csárdahegy occurrence [82].
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Figure 11. Triangle diagram of carbonate composition. The color numbers refer to the samples
described in Table 1.

The discharge system offered chemical nutrients for prokaryotic microbes, which pro-
vided the basic food chain for this sediment-hosted vent fauna, as [32] discussed in detail,
as did the main enrichment process of iron ore formation (indication), which is microbially
mediated Fe ore formation [49] (in this sense). The verification must not be limited to only
microtextural evidence, although this approach provides robust evidence [83]. Polgári and
Gyollai [49] focused their attention on optical rock microscopy photos of the texture of
mineralized microbially mediated biosignatures, which offer insight into tiny microtextural
forms. Among the compositional evidence, e.g., that mineral ferrihydrite is a microbially
mediated Fe oxide-hydroxide, based on natural observations and laboratory experiments.
There is also robust mineralogical evidence. Trace elements, such as goethite, also have
importance, as they include traces of sulfur, which supports this scenario. Phosphor traces
of goethite refer to microbially mediated formation processes [51]. According to the FTIR
results, the samples are rich in organic matter. The light sulfur isotope characteristics
reported in earlier papers also support this scenario. Microcoprolites from decapod crus-
taceans accumulate in carbonate ooze. This process is linked to the ecology of that kind
of burrow-living decapod: specimens bring their fecal pellets out of the burrows onto
the sea floor, from which bottom currents are delivered elsewhere. The composition of
the microcoprolites is goethite, which is the same composition as that in the matrix, and
it refers to the food for some decapod crustacean species, which consists of microbially
mediated Fe oxide and the produced organic matter. The mineralized microbially mediated
filamentous microtexture is preserved in the coprolites (Figure 9c–f). Channels were filled
with carbonate.
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Table 3. Mineral assemblages and typical minerals indicative of Eh-pH ranges based on environ-
mental mineralogy. The mineral assemblage compositions were determined via XRD, SEM–EDS,
and FTIR spectroscopy analyses. The Eh-pH ranges and microbially mediated mineralogy are based
on [49]. Abbreviations. S: syngenetic; D: diagenetic stabilization; EPS: mineral formation on cells and
EPS decomposition reservoir.

Minerals/
Processes Chemical Formula Eh pH Microbially

Mediated S D EPS

Oxic Suboxic Anoxic Acidic
Neutral-
Slightly
Alkaline

Alkaline

Native element

Native sulfur * * *

Oxides and
hydroxides

Quartz SiO2 * * *

Ferrihydrite FeOOH * * * *

Hematite Fe2O3 * * * *

Goethite FeOOH * * * * *

Magnetite Fe3O4 * * * *

Anatase TiO2–FexTi(1−x)O(2−x)OHx * * * * *

Ilmenite FeTiO3 *

Romanèchite
psilomelane

[(Ba,H2O,Mn5O10, Ba(Mn4+,
Mn3+)O10·1.4H2O)] * * * *

Carbonates

Calcite Ca (CO3) *

Dolomite CaMg(CO3)2 * * * * * *

Rhodochrosite MnCO3 * * * *

Kutnohorite (Ca,Mn)(CO3)2 * *

Siderite FeCO3 * * * *

Sulphides

Pyrite FeS2 * * * * *

Silicates

Albite
(feldspar) NaAlSi3O8 * * *

Orthoclase
(feldspar) KAlSi3O8 * * *

Ferrierite
(zeolite) [Mg2(K,Na)2Ca0.5](Si29Al7)O72·18H2O * * * *

Celadonite KMg0.8Fe2+
0.2Fe3+

0.9Al0.1Si4O10(OH)2 * * * * *

Phlogopyte KMg3AlSi3O10(F,OH)2
(Fe substitution) *

Phosphates

Apatite [(Ca10(PO4)6(OH, F, Cl)2] * * * * * *

Sulfates

Barite Ba(SO4) * * * * *

Gypsum CaSO4·2H2O * * * * *

Jarosite Fe3+
3(SO4)2(OH)6 * * * * *

Organic
material * *

* This means that the given mineral occurs under those conditions.

Quartz occurs as a segregated mineral. As ferrihydrite was determined by FTIR, its
stabilization to goethite is accompanied by quartz segregation [84,85]. Al, Mg, K, and Ca
with silica formed feldspar, zeolite (ferrierite), and Fe-bearing clay minerals (via SEM–EDS).
These elements represent the decomposition of cell and EPS material, which is subsequently
mineralized [49,51].
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Tiny structures of mineralized cells and extracellular polymeric substances (EPSs) are
clearly visible on SEM–EDS elemental maps, and the substances are composed of Fe, P, some
Mn traces, and Ti. These are mineralized Fe biomaterials (Figures 7a–d, 9g,h and 10a–h).
Rarely small apatite grains follow the biomat network. Sample 9 is peperite, which contains
altered volcanic glass, Fe-bearing clay minerals, and Fe-Ti grains (ilmenite and anatase).

The mineral assemblage (ferrihydrite) and filamentous microbially mediated micro-
texture refer to suboxic, semineutral conditions during vent formation, which support the
activity of Fe-oxidizing microbes on sulfidic precursor materials, which are common in hy-
drothermal systems. Trace amounts of Mn oxide indicate locally more oxidized conditions.

6.2. Bacteria–Crustacean Interactions

On the one hand, all the conclusions drawn here do not support recent observations
because the available observations on the physiology of recent decapod crustaceans are
limited and because there are no known host decapod species that produce microcoprolites
with filament structures, as described herein. On the other hand, as Felgenhauer [40]
noted, the evolution of the digestive tract of decapod crustaceans is considerably conserved;
therefore, limited research may be needed.

The typical internal channel system of the coprolites of decapod crustaceans is pro-
duced by the whole gastric tract of decapods. The channels are formed in the pyloric sac
(foregut) [40], and fecal compaction occurs in the midgut [86]. The duration of digestion
from the foregut through the hindgut varies from 30 min in small copepods to more than
150 h in larger lobsters [86], providing the necessary duration for supposed internal bac-
teria to grow inside the gut and grow over the internal channels of the microcoprolite
before emptying. Bacteria live on decapods; hence, they even densely cover the cuticle of
hydrothermal vent decapod crustacean antennae [87], but even inside decapod crustaceans,
bacterial communities exist. Zbinden and Cambon-Bonavita [88] reported internal symbi-
oties between bacteria and decapod crustaceans on the internal surface of the decapod gut.
This finding provides a third explanation for the laminated bacterial filaments deposited
on the internal channel walls of the microcoprolites: bacteria incorporated the internal
channels even inside the gut of the host animal. However, in our patient, who had only
fossilized microcoprolites but not fossilized decapod tissue, this could not be resolved
or answered with high certainty. Finally, based on recent observations [88,89], it seems
plausible that the bacteria-like filaments on the internal channel walls of microcoprolites
are directly linked to their food and/or gut epibiont bacteria on the epithelium [90].

6.3. Minerals–Crustacean Interactions

Our mineralogical observations are in line with the observations on the gut contents of
recent vent-related crustaceans. Zbinden and Cambon-Bonavita [88] (Figure 7a,b) presented
a semithin section of the midgut of Rimicaris exoculata from a MAR locality that showed
black and brown mineral particles (iron sulfides and oxides, respectively); however, this
biological research did not focus on the spatial characteristics of the gut content or the
spatial analysis of the excreta of their host. The crustacean decapod microcoprolites contain
goethite in our case, which is a convincing correlation between the fossil and recent decapod
crustacean gut contents.

6.4. Ecology

In the ecological buildup of the Zengővárkony SHV compared with its recent coun-
terparts, the greatest difference is the complete lack of bivalves, although even in the
fossil record, bivalves are reported from deep marine hydrothermal vents. However, this
approach becomes reasonable if one takes into consideration the Mesozoic marine revo-
lution [91], which swept brachiopods from the original ecotopes and opened the path to
bivalves that currently play a significant role in all marine ecosystems, including hydrother-
mal vents. The fossil ecosystem of the Zengővárkony SHV hosted a rich, partly endemic
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community reconstructed from the base producers to the top consumers as complex and
vividly 135 Ma before their recent counterparts.

7. Conclusions

Detailed microtextural and mineralogical analysis of selected samples from the Early
Cretaceous Zengővárkony (Mecsek Mountains, Tisza microplate, Hungary) SHV provided
evidence for microbial activity at this shallow marine hydrothermal vent site. This is in
intimate connection with the rich and diverse decapod crustacean megafauna. Filamental
bacteria formed and grew into coprolite channels, and diffuse bacteria and extracoprolitic
bacterial mats also reveal the bacterial activity and its presence in this SHV environment. It
provided the primary food source for this vivid, diverse, and partly endemic fossil environ-
ment. Based on this research, a complete food web for a shallow marine fossil hydrothermal
vent site is established. Fossil counterparts for the elements of recent hydrothermal vent
ecosystems are also proposed.

Recent observations of living decapod crustaceans at MAR hydrothermal vents re-
vealed that crustaceans feed on iron sulfide and iron oxide particles that pass through
their digestive tracts. The sizes of these particles vary between 0.5 and 15 µm, and the
particles go through the digestive tract. The material of decapod crustacean microcoprolites
is goethite at the Zengővárkony SHV, which implies that crustaceans fed on the bacterial
mats collected these mineral particles and sometimes emptied later.

This complex ecological and mineralogical analysis provided direct evidence for
the presence of bacteria in fossil SHV environments on the one hand and the intimate
connection between bacteria and decapod crustaceans in hydrothermal environments
135 Ma before. Further research to determine the complex relationship between decapod
crustaceans and vent-related bacteria seems to be more complex than previously thought
based on recent observations of living decapods in MAR environments. We conclude
that similar fossil environments are considered useful indicators of the initial marine
intraplate rifting that produced unique carbonate sediment-hosted environments. There-
fore, fossil carbonate SHV environments are indicators of active plate margins in the
geological past.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min14020125/s1, Figure S1. Samples and thin sections of samples;
Figure S2. Optical rock microscopy photos; Figure S3. Representative FTIR measurements on
sample 1; Table S1. Mineralogy and organic compounds by Infra-red spectroscopy (FTIR).
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