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Abstract The symbiotic partnership of plants and fungi was a critical means of nutrient uptake during
colonization of the terrestrial surface. The Lower Devonian Rhynie Chert shows evidence for extensive
phosphorus mobilization in plant debris that was pervasively colonized by fungi. Sandy sediment entrapped
with fungi-rich phytodebris contains grains of the phosphate mineral monazite which exhibit alteration to
highly porous and leached surfaces. Mixed manganese-iron oxide precipitates contain up to 2% P,0Os. The
mobilization of Mn, Fe, and P are all features of mycorrhizal nutrient concentration. However, the ecosystem
was also exposed to toxic elements from hot spring hydrothermal activity. The oxide precipitates include
titanium and iron-titanium oxide which sequestered potentially toxic tungsten and antimony. Abundant pyrite
framboids in the Rhynie Chert indicate that plant decomposition included microbial sulfate reduction. This
caused the removal of some of the arsenic from the groundwaters into the pyrite, which reduced toxicity
while leaving enough for putative arsenic metabolism. These relationships show the mineral component of the
ecosystem modified the geochemistry of ambient waters.

Plain Langu age Summary The symbiotic partnership of plants and fungi was a critical means

of nutrient uptake during colonization of the terrestrial surface. The Lower Devonian Rhynie Chert shows
evidence for extensive phosphorus mobilization in plant debris that was pervasively colonized by fungi. Sandy
sediment entrapped with fungi-rich organic matter contains grains of the phosphate mineral monazite which
exhibit alteration to highly porous and leached surfaces. The ecosystem was also exposed to toxic elements
from hot springs. Precipitates of oxide minerals sequestered potentially toxic tungsten and antimony. Iron
sulfide allowed the removal of excess arsenic from the groundwaters. These relationships show the mineral
component of the ecosystem modified the geochemistry of ambient waters.

1. Introduction

The Rhynie Chert (Figure 1) is a Lower Devonian (~407 Ma) lagerstitte of early plants and their accompanying
biota (Strullu-Derrien et al., 2014; Trewin & Fayers, 2015), preserved by early silicification from adjacent hot
spring activity (Baron et al., 2004). The deposit constitutes the world's oldest preserved terrestrial ecosystem,
including extensive evidence for the colonization of plants by mycorrhizal fungi (Harper et al., 2020; Krings
et al., 2018; Strullu-Derrien et al., 2014; Taylor et al., 2004). Arbuscular mycorrhizal fungi evolved in symbiosis
with early plants which were colonizing the Devonian land surface (Remy et al., 1994). The plants require trace
elements, supplied by the fungi, while the fungi gain carbon from the photosynthesizing plant. Fungi simi-
larly controlled nutrients that were required by animals in the Rhynie ecosystem (Strullu-Derrien et al., 2016).
Fungi also contribute to plant resistance against contaminating trace elements (Colpaert et al., 2011; Hildebrandt
et al., 2007; Neidhardt, 2020). It is important to note that much current work on the fungal response to metals
relates to ectomycorrhizal or ericoid mycorrhizal fungi, which had not evolved at the time of Rhynie Chert depo-
sition. This includes numerous studies on the fungus Aspergillus. However, there is also evidence that arbuscular
mycorrhizae, which were present at Rhynie, influence the occurrence and speciation of numerous trace elements,
including manganese (Garcia et al., 2020), phosphorus (George et al., 1995), titanium (Burghelea et al., 2015),
arsenic (Neidhardt, 2020) and antimony (Wei et al., 2016), all of which formed minerals in the Rhynie Chert.
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Figure 1. Geological map of region near Rhynie village. Elements contributed
to chert from hot spring system represented by silicified breccia, and basement
rocks including granite.

The plant-bearing cherts are within a few hundred meters from a silici-
fied, veined, fault zone, the assumed locus of hot spring activity (Figure 2).
Limited geochemical data indicate a mixture of hydrothermal and detrital
components in the cherts (Rice & Trewin, 1988). Enrichments in arsenic (up
to 300 ppm), antimony (up to 71 ppm) and gold (up to 0.25 ppm) are attrib-
utable to hydrothermal mineralization of the springs (Rice & Trewin, 1988;
Rice et al., 1995). The fault zone is also enriched in manganese, tungsten
and molybdenum, and contains moderate vanadium levels (Rice et al., 1995).
The arsenic and gold have been attributed to andesitic magmas, and the tung-
sten to Caledonian plutonic rocks (granite-syenite) adjacent to the fault zone
(Parry et al., 2011; Rice et al., 1995), both of which would have been scav-
enged by the hydrothermal fluids. The tungsten may have a dual source as
arsenic, tungsten and antimony are typical components of geothermal water
(Stefinsson & Arnodrsson, 2005). Two geochemical issues arise from what is
known about the Rhynie Chert. First, it is widely hypothesized that the fungi
in Rhynie Chert allowed the take-up of phosphorus into the plants (Brundrett
et al., 2018; Mills et al., 2018; Taylor et al., 2004), but without supporting
evidence for the processing of phosphorus. Second, the anomalous arsenic
from the hot springs suggests that early plants had to cope with arsenic toxic-
ity (Channing, 2017; Channing & Edwards, 2009; Meharg, 2002; Meharg &
Hartley-Whitaker, 2002), and other elements from the springs such as tung-
sten are also toxic to plants (Adamakis et al., 2012).

Petrographic studies can show how the balance of elements was achieved. In
particular, this study reports:

1. Identification of mineral source(s) of phosphorus.
Evidence of mobilization, and thus availability, of phosphorus.

3. Evidence of how the ecosystem responded to high levels of arsenic, anti-
mony and tungsten.

Note we limit our discussion to the incorporation of metals into mineral phases, but additionally fungi have
the capacity to bind large amounts of metals to their biomass (Colpaert et al., 2011). It is possible that some
mineral-bound trace metals were formerly biomass-bound, before biomass decay.

As, Au, Sb
from
andesitic
magma

Rhynie Fault Zone

Figure 2. Schematic cross-section showing contribution of elements to
Devonian chert-forming environment. Elements sourced from deep-seated
magma in Rhynie Fault Zone (As, Sb, Au) and detrital matter eroded from
pre-Devonian basement (P, W). Section based on Rice et al. (2002).

2. Geological Setting: Host Sediment in Rhynie Chert

The Rhynie Chert occurs with a Lower Devonian continental succession
in northern Scotland (Figure 1). The succession consists of sandstones and
shales in a kilometer-scale, fault-bounded basin, the Rhynie Basin, within
pre-Devonian crystalline basement (Rice et al., 1995; Trewin & Fayers, 2015).
The chert forms the Rhynie Cherts Unit, within the Dryden Flags Formation,
in the upper part of the succession (Trewin & Fayers, 2015). The basement
includes Neoproterozoic metasediments, Ordovician ultramafic intrusions
and Caledonian (Silurian-Devonian) plutonic rocks, which all contributed
siliciclastic sediment to the basin. The Devonian sediment additionally
includes tutfaceous beds and an andesite layer underlying the chert (Figure 1),
which represent penecontemporaneous volcanic activity. Associated hot
springs engendered silicification of sediment near the Rhynie Fault Zone at
the basin margin. The resultant chert contains exceptionally preserved plants,
fungi and animals, which have been the subject of extensive study. They
represent the oldest preserved terrestrial ecosystem. The Devonian rocks are
at upper oil window thermal maturity, that is, vitrinite reflectance up to 1.2%
(Wellman, 2006), and are consequently very well preserved.
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The succession is interpreted to represent sedimentation adjacent to a river system where floodplains were
periodically inundated, and which included ephemeral lakes (Trewin & Fayers, 2015). The Rhynie Cherts Unit
includes over 50 cm-scale chert horizons, with low lateral continuity. The cherts consist of beds of plants in
growth position, separated by beds of sediment. All were encased in silica from the springs while plants were
still growing (Trewin, 1994; Trewin & Fayers, 2015). The sediment consists of lenses of sand and layers of
compressed phytodebris (mainly fragments of plant stems: so-called “litter layers” of Krings et al. [2018]). The
phytodebris layers are pervasively colonized by fungi (Krings et al., 2018; Powell et al., 2000) The mineral
components consist of detrital grains, and phases precipitated soon after sediment deposition. No red beds are
evident in the chert-bearing succession at Rhynie.

The detrital grains consist of fine sand (0.1-0.5 mm), mostly composed of quartz, feldspar, micas and chloritoids,
and smaller grains (<50 pm) of heavy minerals including monazite, zircon, staurolite, chromite and garnet. The
heavy grains may have percolated down between the sand grains in the manner of fine gold grains trapped within
much coarser sand and gravel. The post-depositional mineral phases include mixed manganese and iron oxides,
and abundant titanium oxides (rutile) and titanium-iron oxides, in the layers of compacted phytodebris, and pyrite
in the plant-bearing beds. Each of the monazite, Mn-Fe oxides, Ti oxides and pyrite had a role to play in the
biogeochemistry of the chert.

3. Methods and Materials

Samples were taken from a logged trench section (03/T1), excavated in 2003 (Trewin & Fayers, 2015), supple-
mented by float material in the trench. Andesite was sampled from borehole 97/8, depth 51.4 m (Rice et al., 2002).

Scanning electron microscopy (SEM) was conducted in the Aberdeen Center for Electron Microscopy, Analysis
and Characterization (ACEMAC) facility at the University of Aberdeen using a Carl Zeiss GeminiSEM 300
VP Field Emission instrument equipped with an Oxford Instruments NanoAnalysis Xmax80 Energy Dispersive
Spectroscopy (EDS) detector, and AZtec software suite. Standards were supplied by factory, and use elemental
Fe, Mn, W, Sb, V, Sc, and Nb, and also GaP for phosphorus and InAs for arsenic. Relevant detection limits are
MgO 0.09%. FeO 0.18%. As,0, and P,05 0.3%. Element maps were acquired for 2 hr 45 min.

The degree of pyritization (DOP; dimensionless proportion of iron present as sulfide rather than reactive (acid
soluble) iron) was calculated using the technique of Leventhal and Taylor (1990). Specifically, powdered bulk
rock was dissolved in IN HCI for 24 hr to measure the acid soluble fraction. Iron concentration was measured
using a Palintest Photometer 7500.

For sulfur isotope analysis, pyrite samples from the Moffat Shale were combusted with excess Cu,0 at 1075°C in
order to liberate the SO, gas under vacuum conditions. Liberated SO, gases were analyzed on a VG Isotech SIRA
Il mass spectrometer, with standard corrections applied to raw §%SO, values to produce true 5**S,; values. The
standards employed were the international standard NBS-123, IAEA-S-3, and SUERC standard CP-1.

LA-ICP-MS analyses were performed with an Analyte G2 excimer laser ablation system (Teledyne CETAC Tech-
nologies, Omaha, NE, USA) equipped with an aerosol rapid introduction system (ARIS, Teledyne CETAC) and
coupled to an Agilent 8900 Triple Quadrupole ICP-MS/MS instrument (Agilent Technologies, Santa Clara, CA,
USA). The LA-ICP-MS system was tuned daily for maximum sensitivity analyzing the reference material NIST
612 “Trace Elements in Glass.” The ICP-MS instrument was operated in standard (single quadrupole) mode and
tuned to minimize the formation of oxides by monitoring the oxide ratio (Z2Th'0*/Z2Th*, m/z 248/232 < 1%).
Isotope ratios were monitored to confirm the absence of interfering polyatomic species. The laser beam spot
size was adjusted to 30 pm and the frequency to 150 Hz generating a fluence of 3.92 J cm~2 at a wavelength of
193 nm. Helium was used as carrier gas with a flow rate of 0.55 L min~' (0.30 L min~"' cell gas, 0.25 L. min~!
ablation cup gas). Image construction was perform using the HDIP software v.1.6.6.d44415e5 (Teledyne).

4. Results

Monazite grains in the sand of the phytodebris layers exhibit a range of compositions (variable proportions of Y,
Nd, Gd), which suggests that they are detrital rather than precipitated authigenically. The grain surfaces are very
highly modified from the original rounded shapes or crystal faces. The monazite has been altered to apparently
recrystallized masses with internal porosity (Figure 3), resulting in orders of magnitude greater surface area than
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Figure 3. Backscattered scanning electron micrographs of monazite and other minerals in Rhynie Chert. (a) Polished
monazite grain, exhibiting unusual degree of alteration: (b) Detail of grain surface showing extensive etching and
development of porosity: (c) Monazite in underlying sandstone, relatively unaltered; (d) Biotite in Rhynie Chert, unaltered;
shows also titanium oxide crystals (bright).

the original grains. In contrast, other heavy minerals such as zircon exhibit grain surfaces that are rounded and
smooth rather than porous. Other less stable minerals in the chert, like biotite, are not altered (Figure 3). Monazite
grains in sandstones below the chert-bearing succession are similarly unaltered (Figure 3).

The fungi-bearing phytodebris layers also contain precipitates which cement the organic matter and detrital
grains. The cement is a variable mixture of Mn and Fe oxides (Figures 4 and 5), from pure Mn oxide to pure Fe
oxide, all containing trace amounts of P, As, and S (Table 1). The P,05 and As,0, contents in the oxide precipi-
tates are up to 2% and 1% respectively. Admixture with clay minerals is represented by variable content of alumi-
num (Table 1). The titanium oxide (Table 2) occurs in the same layers, as crystals up to 50 pm size with subhedral
faces, and contains traces of tungsten (up to 8% WO,), niobium (up to 2% Nb,0O;) and scandium (up to 0.6%
Sc,0,). Titanium-iron oxides occur as masses of micron-scale crystals, commonly adjacent to the larger titanium
oxide crystals. The mixed oxides contain up to 0.8% Sb,05, up to 1% V,0s, up to 2.5% As,O5 and up to 2% P,05
(Table 3). By contrast, titanium-iron oxide crystals in the andesite do not contain measurable trace elements.

Pyrite is common in the plant-bearing chert. It occurs as framboids and cubes, and intermixtures of the two
(Figure 6). They consistently occur together, implying that they were coprecipitated or the cubes are a local
recrystallization of the framboids. Their precipitation was very early, before the sediment was sealed by silici-
fication. Electron microscopy (EDAX analysis) and LA-ICP-MS mapping show that the pyrite contains traces
of arsenic and gold throughout (Figure 7). The gold content of the pyrite is approximately 1.2 ppm. Arsenic
occurs in both the framboids (mean 0.61 + 0.37%, n = 18) and cubes (mean 0.55 + 0.54%, n = 20). Rarely,
pyrite framboids also occur in the phytodebris layers, but there they are manganoan (up to 1.3% Mn) (Figure 6¢).
LA-ICP-MS mapping of gold-bearing pyrite showed no tellurium, that is, the gold is not present as a telluride as
commonly found elsewhere, but rather a substitute in the sulfide.
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Figure 4. Backscattered scanning electron micrographs of mineral phases in phytodebris layers in Rhynie Chert. (a) Layer
of carbonaceous plant fragments (black), accompanied by manganese-iron oxides (bright) and background mineralogy
dominated by quartz and micas: (b) Close-up of layer of carbonaceous plant fragments (black) and manganese-iron oxides
(bright): (c) Chlorite containing abundant sub-micron inclusions of manganese-iron oxides (bright), sandwiched between
mica and quartz. Note pyrite framboid in lower center. (d) Tungsten-rich titanium oxide crystal, within microcrystalline

quartz.

Figure 5. Layered image of element maps for Fe, Mn, K, and Si. Shows
regions rich in Fe (red, iron oxide), Mn (green, manganese oxide) and Fe-Mn
mixtures, Si (detrital quartz), K (detrital mica) and carbonaceous matter
(black), phytodebris layer parallel to layering, Rhynie Chert.

Mixed framboidal/cubic pyrite sampled from depth ~6.3 m in trench 03/T1
yielded 5 sulfur isotope compositions (§**S¢,;) of —0.5, 0.0, 0.1, 2.1, and
2.3%0 (mean 0.8%:¢). The maximum uncertainty in measurement was about
0.05%o. Previous data (Rice et al., 1995) was recorded from the mineral-
ized fault zone (—2.8 to +7.3%0) and in background shales (—23.3%). The
reproducibility of §**S .y values was evaluated through repeated analysis of
standards NBS-123 (+17.1%¢), IAEA-S-3 (—32.3%). and a SUERC internal
standard CP-1 (—4.6%c), and was typically within +0.3%.

The mean values of total organic carbon (TOC) measured in samples of
plant-bearing chert and beds of phytodebris were 0.36 + 0.29% (n = 26) and
0.77 + 0.35% (n = 22) respectively.

The mean values of degree of pyritization (DOP) measured in samples of
plant-bearing chert and beds of phytodebris were 39.5 (n = 5) and 12.7
(n =) respectively.

5. Discussion

The geochemical data provide insights into the residence of trace elements
introduced into the plant-bearing sediments at Rhynie from hot spring waters
and detrital grains (Figure 9, Table 4). The redox conditions help to under-
stand the variability in the sediment section.
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Table 1
Representative Analyses (%) of Manganese-Iron Oxide Precipitates in Fungus-Rich Phytodebris Layers, Rhynie Chert
Lab no. 491-1-5 491-1-4 491-2-8 491-2-6 492-9-3 492-9-2 492-8-5 492-4-1
MgO 0.3 0.4 0.0 0.3 0.3 1.2 0.2 0.3
AlLO, 21.1 22.0 8.5 6.4 1.0 10.1 4.8 5.1
Sio, 44 8.3 25 4.5 6.8 12.9 4.7 53
P,05 1.1 1.1 0.9 1.1 1.6 1.6 1.6 1.6
S0, 0.6 0.7 0.6 0.6 0.6 0.6 1.1 1.1
K,0 0.3 0.3 0.0 0.1 0.2 0.6 0.0 0.0
CaO 1.5 1.3 1.9 1.4 0.6 0.4 0.4 0.3
TiO, 0.0 0.2 0.0 0.0 0.3 0.3 0.0 0.0
MnO, 40.2 317 17.8 7.2 1.9 0.8 0.0 0.0
FeO, 10.4 11.3 452 56.7 77.4 70.8 82.5 822
As,0, 0.4 0.4 0.9 0.8 0.0 0.0 0.0 0.0
Total 80.4 83.7 78.1 79.1 97.2 99.1 95.4 95.8
Note. Fe and Mn calculated as FeO, and MnO, as typical in soil precipitates.
5.1. The Redox Profile
The degree of pyritization can be high in soils that are rich in organic matter (Rabenhorst et al., 2020). The DOP
might be expected to be greater in the layers of phytodebris, as the phytodebris has over double the content of
TOC (0.77%, n = 22) in the plant-bearing chert (0.36%. n = 26). Rather, the mean DOP value for the phytodebris
layers is lower (12.7) than in the plant-rich cherts (39.5). This reflects a difference in iron mineralogy (Figure 8).
While the plant layers contain abundant framboids of the sulfide pyrite, the phytodebris layers contain oxides
of iron, manganese and titanium. Fungi were probably an important control on oxide formation. The fungal
oxidation of iron minerals produces high proportions of Fe (III) oxides and hydroxides (Bonneville et al., 2016;
Oggerin et al., 2016). Similarly, fungi cause the oxidation of manganese in an otherwise reduced soil (Thompson
et al., 2005).
Where pyrite framboids occur in the phytodebris layers, the pyrite is widely oxidized. Framboids in the phytode-
bris are manganese-bearing, which is relatively uncommon, but may reflect a high availability of manganese
during their formation. Manganese-reducing fungi are unknown, so the framboids were probably a bacterial
product. Oxidation has left the framboids in a matrix of jarosite (Figure 6c). Jarosite can be formed by the fungal
oxidation of sulfides (Oggerin et al., 2014), and specifically the oxidation of manganese-bearing pyrite by fungi
Table 2
Representative Analyses (%) of Titanium Oxide Precipitates in Fungus-Rich Phytodebris Layers, Rhynie Chert
Lab no. 493-11-1 493-11-2 493-11-3 493-11-4 493-23-1 493-12-1 493-12-2 496-24-1 496-24-3 496-24-5
Al,O4 0.9 1.0 0.7 0.8 0.0 0.1 03 0.8 0.8 1.0
Si0, 0.5 0.5 0.0 0.5 0.2 0.4 0.5 0.2 0.4 1.7
Sc,0, 0.4 0.3 0.6 0.4 0.0 0.0 0.0 0.2 0.2 0.2
TiO, 88.7 90.5 89.2 88.7 95.9 92.8 913 89.7 90.2 88.0
FeO, 1.7 1.1 1.2 0.8 0.5 0.7 1.1 2.1 23 25
Zr0, 0.5 0.4 0.5 0.0 0.0 0.0 0.0 0.5 0.4 0.4
Nb,0O5 0.0 0.0 0.0 0.0 1.5 0.9 1.5 0.0 0.0 0.0
WO, 35 238 4.6 39 0.0 0.7 1.0 7.1 6.7 6.8
Total 96.1 96.4 96.7 95.1 98.1 95.6 95.6 100.6 101.0 100.5

Note. Fe calculated as FeO, as typical in soil precipitates.

PARNELL ET AL.

6of 15

0°E1EE0L " LENESEST

(i sekypg T pa

QRLA N SUOCT0g) anrparyy afeeorpdde o Ao poman ane sapoTpe oo Sa80 J0 Sy 10 ARG SUNE AD]TA6, U0 CRUOTI P08 S0 T AT A surpuog: scu suonrpungy pu seoag, sy aeg (g0 Lof 1] e Ay s Asppe Suaapaagy Jo SIEIein A pon 000 EE05I6E0T 01 (TP o’ Ao i Kner] aurun s



”~~
AG

u
v

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2022GC010647

Table 3

Representative Analyses (%) of Titanium-Iron Oxide Precipitates in Fungus-Rich Phytodebris Layers, Rhynie Chert

Lab no. 493-29-2 493-29-3 493-24-1 493-24-3 493-2-1 493-2-2 493-2-3 493-8-2 493-8-3 493-18-1 493-18-2
Al,0, 4.3 4.4 5.1 5.1 3.9 4.6 4.2 33 34 1.4 1.6
Si0, 1.6 1.8 2.0 1.4 0.7 0.8 0.9 2.5 1.7 0.7 1.9
P,05 1.0 1.0 1.6 1.5 1.0 1.2 1.1 0.7 0.8 0.2 0.2
SO, 0.4 0.3 0.2 0.6 0.3 0.3 0.3 0.0 0.0 0.0 0.2
CaO 0.3 0.2 0.3 0.5 0.2 0.2 0.2 0.2 0.2 0.0 0.2
TiO, 47.2 45.5 47.8 44.7 38.7 338 36.7 574 56.7 842 82.0
V,05 0.5 0.5 0.5 0.6 0.7 0.6 0.5 0.5 0.5 0.9 0.7
FeO, 33.6 35.6 343 327 39.6 4.7 41.5 254 23.7 8.8 9.6
As,04 1.7 1.5 0.7 0.8 1.6 1.7 1.6 1.1 1.2 0.5 0.6
Sb,04 0.0 0.0 0.0 0.0 0.5 0.5 0.6 0.3 0.3 0.0 0.0
WO, 0.6 0.6 0.5 0.4 0.4 0.6 0.4 0.5 0.6 0.8 0.8
Total 91.3 91.3 93.1 88.3 87.6 88.9 87.9 91.8 89.0 97.4 97.8

Note. Fe calculated as FeO, as typical in soil precipitates.

has been implicated by experiment (Kruse et al., 2021). The jarosite formation from pyrite at Rhynie is consistent
with a putative fungal origin for oxidation in the phytodebris layers.

The absence of red beds indicates insufficient time for normal atmospheric oxidation of the sediment at/near the
surface. Nevertheless, oxides were precipitated in the phytodebris layers, and had a major control on the content
of elements, as evidenced below (Table 4). The anomalous degree of oxidation in the carbonaceous phytodebris,
rather than sulfide formation, is consistent with modern mycorrhizal fungi in symbiosis with local vegetation
which are capable of sulfide oxidation/dissolution and bioaccumulation of metals (Cecchi et al., 2019).

5.2. Phosphorus Cycling

The dissolution of monazite grains is important as a source of phosphorus. The monazite was dissolved more
extensively than other minerals. At Rhynie, where the sediment was pervasively colonized by fungi which
required phosphorus to deliver to the plants, the fungi are implicated as the cause of dissolution. The dissolution
of monazite by fungi is well documented in soil and laboratory (Brisson et al., 2016; Castro et al., 2020; Corbett
et al., 2017; Fathollahzadeh et al., 2019; Kang et al., 2021). Bioweathering by fungi leaves monazite grains
porous and with elaborate crystal architecture (Figure 2d of Kang et al., 2021). The architecture of monazite
grains in the Rhynie Chert (Figure 3) matches those of grains known to be fungally bioweathered, so this origin is
concluded at Rhynie. Biologically mediated weathering has been suggested at Rhynie based on limited sculpture
on quartz/feldspar grain surfaces (Mitchell et al., 2016, 2019), but the alteration of monazite reported here is to a
much greater extent. In addition to the immediately available phosphorus in the fungi-bearing phytodebris layers,
phosphorus could have been supplied from monazite in the nearby granite. However, monazite in both the gran-
ite, and plant-free sandstone below the Rhynie Chert, do not exhibit the porous alteration developed in monazite
within the Rhynie Chert sand. The monazite in the chert is distinctive, which suggests bioweathering.

Manganese-iron oxides are also a common product of fungal activity. Manganese is an essential nutrient for
plants, like phosphorus, and the uptake of both manganese and iron is important to the mycorrhizal symbiosis
(Marschner, 1995). Fungi can readily solubilize and redeposit manganese oxides (Garcia et al., 2020; Santelli
et al., 2011), which explains the concentration of oxides in the phytodebris layers. Mn oxides in soil have a
high capacity to adsorb trace elements including phosphorus and arsenic (Huang, 1991; Suda & Makino, 2016).
This includes fungally precipitated Mn-Fe oxides (Owocki et al., 2016), as occurs at Rhynie. Thus, the oxides
at Rhynie may have acted as an intermediate reservoir of phosphorus that the fungi could access when required.

Pertinent to Rhynie, manganese oxides are formed by fungi in hot spring environments (Ferris et al., 1987; Mita
& Miura, 2003). An anomalous manganese content in the mineralized Rhynie Fault Zone (Rice & Trewin, 1988)
shows that there was a ready supply to the plant-colonized sediments where fungal mineralization could contribute
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Figure 6. Backscattered scanning electron micrographs of pyrite in Rhynie
Chert. (a) Mixed framboids and cubic pyrite (bright). adjacent to carbonaceous
plant matter (black) in quartzose matrix. Framboids are arsenic-bearing;

(b) Pyrite framboids in quartz: (c) Oxidation of manganese-bearing pyrite,

in which remnant pyrite (bright) occurs in matrix of jarosite (light gray), in
quartzose matrix.

to the precipitation of the oxides. Coeval manganese ore deposits in the same
region (Nicholson, 1986, 1989) were a further supply of both manganese and
antimony. As the oxides stored phosphorus, manganese was central to the
plant-fungal symbiosis at Rhynie. Manganese was also incorporated in the
pyrite framboids in the phytodebris layers.

5.3. Arsenic, Tungsten, and Antimony

The arsenic and gold in pyrite within the Rhynie Chert shows that the trace
elements introduced by the hydrothermal system were present in the plant habi-
tat. They also show that the pyrite was effective in removing and immobilizing
these elements. Framboid formation at the near-surface was probably a product of
bacteria (Wacey et al., 2015). Arsenic is toxic to plant growth, especially in the As
(IIT) form that would have been engendered by the organic-rich environment (Liu
et al., 2006). Microbial sulfate reduction to precipitate As-bearing pyrite (Fischer
etal., 2021; Gao et al., 2021) meant that a bacterial component made the ground-
water less toxic to plants, which would have reduced stress on the whole ecosys-
tem. Notably, arsenian pyrite formed in an organic-rich medium includes mixed
framboids and euhedra (Fischer et al., 2021), as found at Rhynie. Arsenian pyrite
is a common residence for gold in low-temperature rocks (Reich et al., 2005),
so indirectly the concentration of gold can be microbially mediated. In addition,
an essential aspect of symbiosis is the reduction of arsenic uptake into plants by
associated arbuscular mycorrhizal fungi (Li et al., 2021; Neidhardt, 2020; Zhang
etal., 2015). The manganese oxides can also oxidize As(III) to the less toxic, and
less mobile, As(V) (Huang, 1991; Suda & Makino, 2016).

Pyrite is common in the chert (Trewin & Fayers, 2015; Wellman, 2006). In a
sefting that has a high sedimentation rate (Powell et al., 2000), characteristic of
continental successions, the pyrite represents an abundant input of sulfur. The hot
spring system is the obvious source of abundant sulfur, which was being contin-
uvally renewed during the lifetime of the system. The sulfur isotope data helps to
demonstrate that this was so. A hot spring source is borne out by the similarity of
&S yyr values for the pyrite in the chert (mean 0.8%0) and the mineralized fault
zone (—2.8 to +7.3%e. from Rice et al. [1995]). These data are in contrast to the
light composition of sulfur in pyrite deposited in background shales (—23.3%o,
Rice et al., 1995), reflecting microbial sulfate reduction in lake waters.

Arsenic and phosphorus biochemistry in plants are linked, and the two
elements may be co-transported (Zhao et al., 2009). Mycorrhizal plants
commonly have a relatively high ratio of P/As concentration, which is likely
to increase tolerance of the plant to As (Zhao et al., 2009). Phosphate causes
plant tolerance to As through a number of mechanisms (Abbas et al., 2018),
so together with the effects of manganese oxide and pyrite there are multiple
ways in which arsenic stress may have been alleviated at Rhynie.

The titanium oxide crystals have up to 8% WO, and they may have removed
that element from the ecosystem. The crystals additionally contain up to
2% Nb,0Os and 0.6% Sc,0; (Table 2). The combination of crystalline shape
and trace element content indicates that the titanium oxide mineral is rutile.
Mixed iron-titanium oxides at Rhynie also contain traces of Sb,0;, V,0;,
As,0;, and P,0; (Table 3). Tungsten, niobium, scandium and antimony can
all be enriched within rutile (Cerny & Chapman, 2001). Titanium oxides
are a primary scavenger and carrier of tungsten in low-temperature sedimen-
tary rocks (Majzlan et al., 2021), and iron oxides are well known to adsorb
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Figure 7. Element maps (Fe, As, Au, Te) for pyrite in Rhynie Chert. Determined by LA-ICP-MS (conditions in text). Arsenic and gold are trace substitutes in the
sulfide. Absence of tellurium shows gold is not a telluride. Maps each width 5 mm.

antimony in soils (Shangguan et al., 2016). The mineral residence of tungsten and antimony at Rhynie therefore
follows their expected distribution. Titanium oxide is concentrated by common fungi (at present Aspergillus
niger, found in hot springs) in soils (Sebesta et al., 2020), and this fungus can also solubilize both tungsten
(Pattanaik et al., 2022) and antimony (Milovi-Ziakova et al., 2016), so they may be linked in a single process.
Arbuscular mycorrhizal fungi can also reduce the antimony toxicity to plants (Pierart et al., 2017), and simi-
lar activity could have occurred in the fungi-bearing soils at Rhynie. Notably, the titanium-iron oxides in the
andesite, formed at a high temperature and where no fungi were present, do not contain the trace elements.
The niobium is most likely derived from granitic basement, as niobium-bearing tungsten mineralization occurs
in granite/pegmatite (Shaw & Goodenough, 2013; Smith et al., 2019) and niobium-rich stream sediments are
derived from granite (Beer & Bennett, 1988) in the same region. Limited data indicate niobium toxicity to plants
at high concentrations (Paquet et al., 2019). Vanadium is similarly toxic to plants at high concentrations, although
beneficial at moderate concentrations (Larsson et al., 2013). Scandium had not been measured previously at
Rhynie, but it does occur in hot spring systems (Hoshina et al., 2014; Simmons et al., 2018). Like several other
trace elements, scandium (Qu et al., 2015; Syrvatka et al., 2022) and vanadium (Rasoulnia & Mousavi, 2016) can
be mobilized by Aspergillus niger.

5.4. Timescale and Trace Element Flux

The incorporation of plants in growth position by silicification events at Rhynie implies that the timescale was
limited, although plant-bearing beds are separated by layers of compacted phytodebris (Figure 8). Analogous
preservation of plants by opal at Yellowstone National Park takes place on a month-to-year timescale (Channing
& Edwards, 2004). Recognizable soil profiles did not have enough time to develop in the Rhynie sediments before
silicification, so sedimentation rates were likely to be in the range of mm/a to cm/a (Channing, 2017; Powell
et al., 2000; Trewin & Fayers, 2015). Previous studies show that substantial element liberation from fungally
colonized monazite can occur within days (Brisson et al., 2016; Castro et al., 2020; Kang et al., 2021). The
very rapid processing of monazite grains implies that even where local sedimentation rates are high, new grains

DOP TOC

Plants 39% 0.36%

Sulphides (+As, Au)

Phytodebris 13% 0.77%

Oxides (+P, W, As, Sb, Nb)

Figure 8. Contrast between plant-bearing chert and layers of phytodebris. Phytodebris layers have more total organic
carbon (TOC), but lower degree of pyritization (DOP). Greater oxide formation in these layers implies fungal activity, which
overrides normal redox characteristics. Oxides and sulfides (pyrite) sequester different trace elements.
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Percolating waters
(adds Mn, As, Sb, W, Sc, Nb, V)

Plant fossils with fungi Pyrite precipitation

(incorporates As, Mn, Au)

Ti oxide precipitation
(incorporates Sb, W, 5¢, Nb, V)

Compacted phytodebris

Mn/Fe oxide coatings on carbon
(incorporates P, As)

Sand-rich laminae _ Altered monazite

(releases P)

Figure 9. Schematic section of plant-bearing chert upon sediment rich in phytodebris and detrital grains. Incoming trace
elements from percolating hot spring waters and altered detrital grains were precipitated in oxides and sulfides.

are likely to be altered by fungi within the uppermost few centimeters of sediment. Similarly, fungi precipitate
manganese oxides during growth (Thompson et al., 2005), and sulfate-reducing bacteria can precipitate arsenian
pyrite in days to weeks (Fischer et al., 2021). These data suggest that the mineral assemblage in the ecosystem
would have been able to respond to incoming elements rapidly, before the system was sealed by silicification.

An assessment of the degree to which the mineral assemblage in the ecosystem had fixed trace elements is limited
by uncertainties in water composition, water flow rates, regional hydrology and overall time frame, However,
it is reasonable to assume an anomalous input from the spring waters. Data from hot springs in three regions
considered analogous to Rhynie (Channing, 2017), Yellowstone (USA), Iceland and New Zealand, show that
the content of trace elements discussed here are typically one to two orders of magnitude higher than in average
river waters (Table 5). The ingress of water occurred repeatedly, as evidenced by multiple beds of plants silicified
in growth position, separated by beds of phytodebris (Trewin & Fayers, 2015). Combined with high contents of
trace elements in the water, this implies that there was a high flux through the sediment. The ponding implied
by silicification of sediment, the subdued topography of a floodplain environment, and analogy with modern hot
spring environments, all suggest that drainage was slow enough to allow precipitation of the trace elements out
of solution. The chemistry of the spring waters was therefore reflected in mineral phases containing antimony,
tungsten, scandium and niobium, which are rarely recorded in low-temperature (sedimentary) environments,
as well as manganese, phosphorus and arsenic. It is not possible to quantify a proportion of trace elements in

Table 4
Predominant Source, Potential Role, and Mineral Residence of Trace Elements in Rhynie Chert Ecosystem

Element Source Role Residence in chert Max. content
Phosphorus Eroded basement Metabolism via fungi Mn-Fe oxides 2% P05
Ti oxide

Residual monazite

Tungsten Eroded basement, Hot springs Toxic Ti oxide 8% WO,
Niobium Eroded basement Toxic when abundant Ti oxide 2% Nb,O;
Manganese Hot springs Metabolism via fungi Mn-Fe oxides 50% MnO,
Pyrite 1.3% Mn
Arsenic Hot springs Toxic Pyrite 2.5% As
Some metabolism Fe-Ti oxide 2% As,04
Antimony Hot springs Toxic Fe-Ti oxide 0.8% Sb,0,
Some metabolism
Vanadium Hot springs Toxic when abundant Fe-Ti oxide 1% V,0;
Scandium Hot springs Inert Ti oxide 0.6% Sc,0,
Gold Hot springs Inert (Possible ore) Pyrite 1.2 ppm Au
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Table 5
Content of Trace Elements in Hot Spring Waters From Yellowstone (USA) and Iceland, Compared With Mean Global River
Water Compositions

Global river Yellowstone hot New Zealand
waters, mean Iceland hot springs, Iceland hot springs, springs, range Champagne
(Gaillardet range (Kaasalainen range (Planer-Friedrich (Planer-Friedrich Pool (Ullrich
Element et al., 2003) et al., 2015) etal., 2020) et al., 2020) et al., 2013)
Mn (ppb) 34 0.13-2010
Ti (ppb) 049 0.06-14.9
As (ppb) 0.62 <0.1-162 0-78 3394382 4,300-8.,480
Sb (ppb) 0.07 0.01-23 0.3-54 2-161 6-542
W (ppb) 0.1 0.1-70.6 0-20.5 0.6-407.7 54-162
V (ppb) 0.71 0.08-22.9

the water fixed by the minerals, but it can be inferred that the oxide and sulfide phases which incorporate them
included biological precipitates, and hence the ecosystem accounted for a high proportion of their precipitation.

5.5. Fungi and Heavy Metals

Mycoremediation, to extract heavy metals and other pollutants, has become an established approach to envi-
ronmental clean-up (Kumar & Dwivedi, 2021), including using arbuscular mycorrhizae (Cabral et al., 2015;
Gohre & Paszkowski, 2006; Meyer et al., 2017; Riaz et al., 2021). This implies that fungi have evolved with
this capability. Sheldrake (2019) argues that “fungi are some of the best qualified organisms for environmental
remediation....fine-tuned over a billion years of evolution.” Exposure to metals is believed to have driven the
progressive evolution of metal tolerance in fungi (Colpaert et al., 2011). Arbuscular mycorrhizae and other
fungi in metal-contaminated environments can develop resistance within a few years (Sudova et al., 2007; Tullio
et al., 2003). The Lower Devonian succession at Rhynie was deposited in gradual onlap of Ordovician serpentine-
and chromite-bearing rocks (Busrewil et al., 1973), as evidenced by detrital chromite in the Rhynie Chert, so the
ambient fungal community may have been pre-conditioned to heavy metal tolerance. We do not know, however,
how the tolerance to trace elements in Devonian plants compared to that in modern plants. Genomic evidence
indicates a fungal response to heavy metals deep in geological time (Chi et al., 2021). The precipitation of miner-
als that sequestered metals at Rhynie, as opposed to tolerance of metal build-up in the biomass, may have been
an early expression of that capability.

6. Conclusions

Petrographic and geochemical studies of mineral phases in the Rhynie Chert show how elements contributed by
a combination of hydrothermal activity and detrital sediment were accommodated by the ecosystem (Table 4).
In particular:

1. Grains of monazite in the sediment were extensively altered, likely by fungi, to release phosphorus into the
ecosystem.

2. Phosphorus was stored in the ecosystem in manganese-iron oxide precipitates, and titanium oxides.

3. Tungsten and niobium from granites supplying the sediment to the ecosystem was sequestered into titanium
oxides.

4. Antimony, vanadium and scandium from the hot spring system were also incorporated into titanium oxides.

5. Arsenic from the hot spring system was incorporated into widespread pyrite precipitated by bacteria, and also
in the oxide precipitates.

6. Gold was also incorporated into the pyrite, thus incidentally controlled by bacteria.

In summary, the mineral assemblage at Rhynie controlled the trace element geochemistry of the ambient waters.
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