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Abstract: In the early Cambrian period, a severe greenhouse effect subjected the Gond-
wanan continents to accelerated erosion, enriching oceanic waters with essential nutrients,
including phosphate, silicon, calcium, magnesium, iron, and trace elements. The nutrient
flux, sourced from the volcanic composition of west Gondwana, was recorded as sequences
of nodular phosphoritic limestones intercalated with chlorite-rich silts, containing ferrous
phyllosilicates such as chamosite and chlorite. The abundant and diverse fossil record
within these deposits corroborates that the ion supply facilitated robust biogeochemical and
nutrient cycling, promoting elevated biological productivity and biodiversity. This paper
investigates the early Cambrian nutrient fluxes from the Gondwanan continental region,
focusing on the formation of phosphoritic and ferrous facies and the diversity of the fossil
record. We estimate and model the biogeochemical cycling within a unique early Cambrian
ecosystem located in South Spain, characterized by calcimicrobial reefs interspersed with
archaeocyathids that settled atop a tectonically elevated volcano-sedimentary platform.
The configuration enclosed a shallow marine lagoon nourished by riverine contributions
including ferric and phosphatic complexes. Geochemical analyses revealed varying con-
centrations of iron (0.14–3.23 wt%), phosphate (0.1–20.0 wt%), and silica (0.27–69.0 wt%)
across different facies, with distinct patterns between reef core and lagoonal deposits.
Using the Geochemist’s Workbench software and field observations, we estimated that
continental andesite weathering rates were approximately 23 times higher than the rates
predicted through modeling, delivering, at least, annual fluxes of 0.286 g·cm−2·yr−1 for Fe
and 0.0146 g·cm−2·yr−1 for PO4

3− into the lagoon. The abundant and diverse fossil assem-
blage, comprising over 20 distinct taxonomic groups dominated by mollusks and small
shelly fossils, indicates that this nutrient influx facilitated robust biogeochemical cycling
and elevated biological productivity. A carbon budget analysis revealed that while the sys-
tem produced an estimated 1.49·1015 g of C over its million-year existence, only about 0.01%
was preserved in the rock record. Sulfate-reducing and iron-reducing chemoheterotrophic
bacteria played essential roles in organic carbon recycling, with sulfate reduction serving as
the dominant degradation pathway, processing approximately 1.55·1011 g of C compared
to the 5.94·108 g of C through iron reduction. A stoichiometric analysis based on Redfield
ratios suggested significant deviations in the C:P ratios between the different facies and
metabolic pathways, ranging from 0.12 to 161.83, reflecting the complex patterns of organic
matter preservation and degradation. The formation of phosphorites and ferrous phyllosil-
icates was primarily controlled by suboxic conditions in the lagoon, where microbial iron
reduction destabilized Fe(III)-bearing oxyhydroxide complexes, releasing scavenged phos-
phate. This analysis of nutrient cycling in the Las Ermitas reef–lagoon system demonstrates
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how intensified continental weathering and enhanced nutrient fluxes during the early Cam-
brian created favorable conditions for the development of complex marine ecosystems. The
quantified nutrient concentrations, weathering rates, and metabolic patterns established
here provide a baseline data for future research addressing the biogeochemical conditions
that facilitated the Cambrian explosion and offering new insights into the co-evolution of
Earth’s geochemical cycles and early animal communities.

Keywords: phosphorites; verdine facies; continental weathering; microbial activity;
stochiometric analysis; calcimicrobes; cambrian communities

1. Introduction
At the onset of the early Cambrian period, the northern marginal areas of Gondwana,

formed by different volcano-sedimentary systems [1,2], were exposed to active weathering
promoted by a climatic thermal event [3]. Under such climatic and geological settings, a
likely Terreneuvian transgressive pulse [4] triggered the flooding of the former continental
areas as an initial stage of the Hercynian cycle for the Iberian terrains [5]. As a result, the
ancient volcano-sedimentary materials were covered by a deepening sequence that included
fluvial and marine deposits with the development of mixed carbonate platforms [6,7].
This transgressive event brought about the development of various reefal structures built
by calcimicrobial consortia [8–11], which favored the emergence of a diverse metazoan
community associated with the Cambrian explosion [12–14].

In this context, the early Cambrian marked a pivotal period in Earth’s history, charac-
terized by significant changes and complexation in biogeochemical cycles and a remarkable
increase in ecological diversity [15]. The onset of the Cambrian explosion witnessed a
rapid diversification of metazoan life, with the emergence of complex ecosystems and
the development of novel ecological interactions [16]. This evolutionary radiation was
closely intertwined with substantial alterations in biogeochemical cycles, particularly those
involving nutrients such as phosphorus, nitrogen, and iron [17,18].

The weathering of the Gondwanan volcanosedimentary systems during the Early
Cambrian played a crucial role in the supply of nutrients to the oceans [19,20]. The
enhanced weathering processes, driven by the prevailing greenhouse conditions, led to an
increased flux of phosphorus [21,22], a key limiting nutrient for primary productivity [23].
The delivery of phosphorus to the marine realm likely stimulated primary production,
supporting the expansion of micro- and macroalgal communities and the subsequent
development of complex food webs [18]. Moreover, the weathering of continental materials
containing iron from the continents resulted in an elevated supply of bioavailable iron
to the oceans [24]. Iron is an essential micronutrient for many marine organisms, and its
increased availability may have further facilitated primary production and the growth of
primary producers [25].

The diversification of metazoan life during the Cambrian explosion was closely linked
to these changes in biogeochemical cycles. The increased availability of nutrients and
the expansion of primary production provided the foundation for the development of
complex food webs and the evolution of diverse feeding strategies among metazoans [26].
The rise of bioturbation, facilitated by the evolution of burrowing organisms, further
influenced biogeochemical cycling by enhancing the mixing of sediments and the recycling
of nutrients [27]. The expansion of reef-building organisms, such as archaeocyathids and
calcimicrobes, also contributed to the creation of new habitats and the partitioning of
ecological niches, promoting the diversification of benthic communities [28].
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The integration of geochemical and paleontological data from the early Cambrian
strata provides valuable insights into the intricate relationship between biogeochemical
cycles and the evolution of early metazoan ecosystems [18]. The sedimentary record of
phosphorites and ferrous phyllosilicates, as well as the associated fossil assemblages, offer
a window into the environmental conditions and ecological interactions that shaped the
biosphere during this transformative period in Earth’s history [29,30].

In this context, the nutrient flux, sourced from the volcanic composition of west
Gondwana, was recorded in south Iberia as sequences of nodular phosphoritic limestones
intercalated with chlorite-rich silts, containing ferrous phyllosilicates such as chamosite
and chlorite [29]. Moreover, the intensified carbon cycle during the early Cambrian likely
facilitated the development of the earliest reefal structures in the region. These reefs were
primarily constructed by microbial communities, such as calcimicrobes and stromatolites,
which thrived under the prevailing environmental conditions and played a crucial role in
the formation and growth of these early reef systems [6,31]. The abundant and diverse
fossil record within these deposits [32] corroborates that the ion supply facilitated robust
biogeochemical and nutrient cycling, promoting elevated biological productivity and
biodiversity. Although macroalgae likely played a crucial role within early Cambrian
ecosystems, their preservation in carbonatic facies has been limited due to taphonomic
constraints [33,34].

This paper explores how the sedimentary and paleontological record reflects the
interplay between phosphorus, iron, and silicon biogeochemical cycles and their role in
the development of Early Cambrian reef systems. By analyzing phosphorites, ferrous
phyllosilicates, and associated fossil assemblages, we examine the interactions between
these cycles and early reef ecosystems. Materials from the Cambrian (Series 2) Pedroche
Formation in Sierra de Córdoba, south Spain, were studied, including calcimicrobial reefs
with archaeocyathids atop a tectonically elevated volcano-sedimentary platform enclosing a
nutrient-rich shallow lagoon. Our findings shed light on the paleoenvironmental conditions
and the emergence of complex communities during this pivotal period in Earth’s history.

2. Biogeochemical Alterations in the Nutrient Cycles
The phosphorus, iron, and silica biogeochemical cycles are fundamentally intercon-

nected and play crucial roles in the evolution and development of marine ecosystems [35,36].
These cycles are driven by a complex interplay of processes, including weathering of miner-
als on land, nutrient transport via rivers, and biological uptake and assimilation by marine
organisms [37,38]. The sedimentary and paleontological records of Las Ermitas, Cordoba,
offers a unique opportunity to investigate the main features of these cycles and their influ-
ence on the establishment and growth of reef systems during the early Cambrian [11,39–41].
By examining the sedimentary record of phosphorites and ferrous phyllosilicates, as well
as the associated fossil assemblages, we aim to unravel the interrelationships between the
P, Fe, and Si cycles and their impact on the development of early marine ecosystems in
this area.

2.1. Iron Biogeochemical Cycle

Iron is an essential nutrient for marine organisms, particularly for primary producers
such as phytoplankton, cyanobacteria, and macroalgae [42]. These organisms require iron
for a variety of critical cellular processes, including photosynthesis, respiration, and nitro-
gen fixation [43,44]. In photosynthesis, iron is a key component of the electron transport
chain, facilitating the transfer of electrons during the light reactions [43]. Iron is also neces-
sary for the synthesis of chlorophyll, the pigment responsible for capturing light energy in
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photosynthetic organisms [45]. Without sufficient iron, primary producers cannot efficiently
convert light energy into chemical energy, leading to reduced growth and productivity [46].

In addition to its role in photosynthesis, iron is crucial for nitrogen fixation, a process
carried out by some cyanobacteria and other microorganisms [47]. Nitrogen fixation
involves the conversion of atmospheric nitrogen (N2) into biologically available forms, such
as ammonium (NH4

+), which can be utilized by other marine organisms [48]. In this regard,
the enzyme responsible for nitrogen fixation, nitrogenase, requires iron as a cofactor [45].
Thus, iron availability can limit nitrogen fixation rates in marine environments, affecting the
overall nitrogen budget and the productivity of the ecosystem [49]. Furthermore, iron plays
a significant role in respiration, as it is a component of cytochromes and other enzymes
involved in the electron transport chain [50]. These enzymes are essential for the oxidation
of organic compounds and the generation of adenosine triphosphate (ATP), the primary
energy currency of the cell. Iron limitation can impair respiratory processes, leading to
reduced energy production and growth in marine organisms [51].

Despite its importance, iron is often a limiting nutrient in many marine environments,
particularly in the open ocean [52]. This is due to the low solubility of iron in oxygenated
seawater and the rapid uptake and utilization of bioavailable iron by marine organisms [53].
As a result, primary producers have evolved various strategies to acquire and utilize iron
efficiently, as discussed in the previous paragraphs [42,54]. The ability of these organisms to
adapt to iron-limited conditions has significant implications for the structure and function
of marine ecosystems, as well as the global carbon cycle, as primary producers play a critical
role in the sequestration of atmospheric carbon dioxide through photosynthesis [55].

In marine environments, iron is available from various sources [25], including the
atmospheric deposition of dust particles, fluvial input from rivers (main iron source in
the Cambrian reefal communities described in this work), hydrothermal vents, sediment
resuspension, and glacial meltwater. These sources provide iron in different forms, such
as dissolved inorganic iron, organically complexed iron, colloidal iron, and particulate
iron [53,56,57]. Marine primary producers, including phytoplankton, cyanobacteria, and
macroalgae, have evolved diverse strategies to acquire iron from these sources [58]. Phyto-
plankton and cyanobacteria can efficiently uptake dissolved inorganic iron, particularly
ferric iron, directly from ferric complexes using cell surface reductases that reduce Fe3+

to the more bioavailable ferrous iron (Fe2+) [59]. Some cyanobacteria, like Trichodesmium,
produce siderophores, organic compounds that bind to iron and facilitate its uptake [60].
Macroalgae in coastal environments can acquire iron through both dissolved and particulate
pathways, depending on the species and environmental conditions [54].

2.2. Phosphorous Biogeochemical Cycle

Phosphorus is an essential nutrient for all life on Earth, playing a crucial role in
various biological processes [45]. Phosphate, the bioavailable form of phosphorus, is a key
component of nucleic acids (DNA and RNA), phospholipids in cell membranes, and ATP,
the primary energy currency in cells [45]. Phosphate is also involved in cellular signaling,
the regulation of enzymatic activities, and bone mineralization in some invertebrates, and
vertebrates [61]. The phosphorus biogeochemical cycle involves the transfer of phosphorus
between different reservoirs, including rocks, soils, water, and living organisms [37]. The
primary source of phosphorus in the biosphere is the weathering of phosphate-bearing
rocks, such as phosphatic minerals, on land [37]

Once in the soil, phosphate can be taken up by plants, which incorporate it into
their biomass and transfer it to other organisms through food webs [62]. Phosphate in
the soil can also be adsorbed onto soil particles, particularly clay minerals and metal
oxides, forming complex associations that can limit its bioavailability [37,63]. Additionally,
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phosphate can precipitate with cations such as calcium, iron, and aluminum, forming
insoluble compounds that further reduce its accessibility to living organisms [64].

Phosphate is transported from land to aquatic ecosystems through various pathways,
including surface runoff, subsurface flow, and groundwater discharge. In this regard, rivers
play a significant role in the delivery of phosphate to coastal and marine environments,
where it supports primary productivity [65]. In the marine environment, phosphate is taken
up by phytoplankton and other microorganisms, which form the base of the marine food
web [65,66]. As these organisms die and sink to the seafloor, phosphate is incorporated into
sediments, where it can be buried for long periods or released back into the water column
through various processes, such as upwelling and sediment resuspension [37,66].

2.3. Silicon Biogeochemical Cycle

The silicon biogeochemical cycle is a vital component of the Earth’s geochemical
processes, playing a crucial role in the distribution and availability of silicon in various
ecosystems [35]. Silicon is the second most abundant element in the Earth’s crust and
is essential for the growth and development of certain organisms [67]. In the biosphere,
silicon is primarily present in the form of silica (SiO2), which is a key component of the
cell walls of radiolarians and diatoms [68,69]. These organisms use dissolved silicic acid
(H4SiO4) to construct their intricate cell walls. Radiolarians and diatoms are responsible for
a significant portion of the global primary productivity in aquatic ecosystems and have
played a vital role in the carbon cycle [35].

Furthermore, sponges play a crucial role in the marine silica cycle, particularly in the
cycling of biogenic silica [70]. Sponges, especially those belonging to the class Hexactinell-
ida (glass sponges) and the subclass Heteroscleromorpha of the class Demospongiae, are
known for their ability to produce intricate siliceous skeletons [71]. These sponges take
up dissolved silicic acid from seawater and precipitate it as amorphous hydrated silica,
which forms the basis of their skeletal structures [72]. The silica uptake by sponges can
be substantial, with some species capable of removing up to 95% of the available silicic
acid from the surrounding water [73]. Upon the death and decay of sponges, the siliceous
spicules are released back into the environment, contributing to the sedimentary silica
pool [70,74].

The primary source of silicon in the biogeochemical cycle is the weathering of silicate
rocks on land [67,75]. Weathering processes, such as physical disintegration and chemical
dissolution, break down silicate minerals, releasing dissolved silicic acid into the soil
solution and groundwater [76]. This dissolved silicic acid is then transported to aquatic
ecosystems through rivers and streams [77]. In the ocean, diatoms, radiolarians and other
siliceous organisms take up dissolved silicic acid from the water column and incorporate it
into their cell walls. When these organisms die, their frustules sink to the seafloor, where
they accumulate in sediments and contribute to the formation of siliceous oozes [78]. Over
geological timescales, these sediments can be transformed into siliceous rocks, such as chert
and diatomite [79]. Additionally, upwelling events can bring silicon-rich deep waters to
the surface, supporting primary productivity in coastal regions [80].

2.4. Inter-Relationships Between the Silicon, Phosphorous, and Iron Cycles

The interrelationships between the Si, P, and Fe biogeochemical cycles are complex
and multifaceted. Interestingly, the delivery of phosphorus and silicon to the oceans is
sourced in the same weathering pathways on the different continental materials, particu-
larly igneous substrates [81]. Furthermore, the adsorption of phosphorus onto iron oxides
and hydroxides can regulate its availability in marine environments [22,37].
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The interconnectedness of the Si, P, and Fe biogeochemical cycles has significant
implications for the evolution and development of marine ecosystems, including reef
systems [12]. During the early Cambrian, the establishment and expansion of reef ecosys-
tems were likely influenced by the availability of these key nutrients in the oceans [82–84].
Changes in the weathering patterns of silicate, phosphate, and iron-bearing minerals on
land, driven by tectonic activity or climatic shifts, could have altered the supply of these
nutrients to the oceans, thereby affecting the growth and distribution of reef-building
organisms [85].

3. Geological Settings of Las Ermitas Area
The Las Ermitas section, located in the Sierra de Córdoba area of southern Spain

(Figure 1A), preserves an exceptional record of early Cambrian sedimentary deposits that
provide valuable insights into the paleogeography, paleoenvironmental conditions, and
biological diversity of this time period. The section is part of the Pedroche Formation,
which unconformably overlies the San Jerónimo Formation [29] (Figure 1B) and represents
a transition from the terminal Cadomian to the initial Hercynian orogenic cycles [5]. The
Pedroche Formation at Las Ermitas exhibits a SE-NW gradient in its thickness and litholog-
ical composition, allowing the identification of three distinct sedimentary sectors: southern,
central, and northern (Figures 1C and S1–S3) [29]. The southern sector (Figure 2A), with
a maximum thickness of 120 m, comprises a diverse array of facies including detrital
and bioclastic nodulose carbonates, silicified limestones with stromatolites, phosphatic
limestones, dolomites, and calcimicrobial limestones (Figures 2B and S4A,B). The presence
of brecciated limestones with angular and flat intraclasts at the bottom of the southern
section suggests formation under shallow, unstable sedimentary conditions (Figure S5).

The central sector records a conglomeratic and silty unit (Figures 3, 4A, 5A,B and 6A–C)
followed by several shallowing-upward cycles of calcimicrobial limestones alternating with
nodulose limestones, green and purple siltstones, and phosphorites with carbonatic nodules
(Figures 6B,C, 7, S6A–C and S7A,B). The Cambrian materials rest on a local paleorelief high
(Figure 4A,B; Figures S1 and S3), hosting the thickest reefal facies in the form of calcimi-
crobial limestones [6,86]. The San Jerónimo Formation in this area is composed of highly
eroded andesitic materials with an irregular surface featuring cracks, fissures, and cavities
(Figure 8A,B), suggesting a complex dynamic driven by tectonic activity [87]. The northern
sector is primarily composed of fine-grained detrital deposits, with ochre silts at the bottom
followed by purple and greenish silts with an increasing carbonate content in the form of
nodules [29,88].

3.1. Mineral and Geochemical Composition

The XRD analysis (Figure S8A–F) from the samples collected from the different Ermitas
areas (Figures S1 and S2) show that the main autochthonous minerals correspond with
chamosite (Mg2.5Fe1.65Al1.5Si2.2Al1.8O10(OH)8), trioctahedral illite (K0.5(Al, Fe, Mg)3(Si,
Al)4O10(OH)2), carbonate fluorapatite (Ca10(PO4)5CO3F1.5(OH)0.5), calcite (CaCO3), and
α-quartz (SiO2) [29,88]. Furthermore, glauconite (K0.6-0(Fe3+,Mg,Al)2(Si,Al)4O10(OH)2)
might also be present as observed in similar materials of Cambrian age [89]. Interestingly,
the concentration of ferruginous phyllosilicates and the fluorapatite occurrence is higher in
the materials emplaced behind the reefal core than in the samples collected from sections in
the southern area, which correspond with the reefal forebasin area (Figures S3 and S8A–F).
This is exemplified by samples collected in the southern sections (Figure S8A) which show
a lower intensity in the diffraction peaks for the non-soluble phases like chlorite/chamosite
and illite (Figure S8B), which, in addition, show a higher increment in the XRD peaks
for the carbonate fluorapatite (Figure S8C,D). The higher phosphate concentration was
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also identified, through a much more diverse fossil record, in the materials infilling the
internal area behind the reefal ridge, resulting from an extensive phosphatization in the
Cambrian [22]. The XRD analyses of the carbonates that have not been attacked by acidic
solutions (Figure S8E) show a different mineral content which results from the shallowing
sequences [29] starting in the greenish facies with a higher content in detrital material and
syngenetic minerals (e.g., phosphate and chlorite/chamosite) and ending in reefal mounds,
which are primarily composed of calcite. Furthermore, the higher intensity of the feldspars
and quartz in the purple siltstones (Figure S8F) suggests that their formation is associated
with a higher erosion in the continent. Consequently, the sedimentary sequence in Las
Ermitas should start with erosive episodes recorded as purple siltstones, which would end
in the formation of calcimicrobial mounds. In between, the sedimentary sequence would
be completed by a decreasing phosphate but increasing calcite content from the greenish
facies to the archaeocyathid limestones [29,88].

Figure 1. General location and settings of the lower Cambrian Pedroche Formation outcrops. (A) The
Iberian Peninsula, with emphasis on the study area. (B) The chronostratigraphic section of the
Sierra de Cordoba region, illustrating the major stratigraphical units, including the Lower Cambrian
Pedroche Formation examined in this study (adapted from Creveling et al. [6]). (C) Geographical
distribution of the three sedimentary areas within Las Ermitas, corresponding to the southeastern
(SE), northwestern (NW), and inner regions of the Pedroche Formation at Las Ermitas.



Minerals 2025, 15, 203 8 of 68

Figure 2. Facies in the SE area of the Pedroche Formation, tracing (A) the different stratigraphic
columns (95E1, 95E2, and 95E3) as red arrows, and sections 1 and 2 (white arrows) shown in
Figure S1), occurring as a resistant scarp in the Las Ermitas hillside. (B) Calcimicrobial boundstones,
alter-nating with boundstones that contain greenish lutites, corresponding with levels 2 to 5 in (C) the
95E1 section.



Minerals 2025, 15, 203 9 of 68

Figure 3. Image of the NW facies area of Pedroche Formation in Las Ermitas contacting the
San Jeronimo Formation (terminal Precambrian to early Cambrian) through a major discordance.
Different sections including LE/VIII (Creveling et al. [6]; Moreno-Eiris [86]), 95E5, and 95E7
(Fernandez-Remolar [29]) are traced as white arrows. Numbers 1 to 3 are targeting outcrops, shown
in Figure 4A,B; Figure 5A,B and Figure 5C–D; and Figure 7, respectively.

3.2. Paleoenvironmental and Paleogeographical Conditions

The facies distribution, the mineral composition and the paleorelief topology at Las
Ermitas indicate the emplacement and development of a reefal complex in the early Cam-
brian during a transgressive episode [6,29,86]. The reef structure grew on an elevated area
with favorable paleoecological conditions for photosynthetic bioconstructions in the form
of mounds and bioherms associated with archaeocyathids [11,39,86]. The reefal complex
acted as a semipermeable barrier, partially isolating a lagoonal area with distinct paleoenvi-
ronmental conditions, which led to the formation of phosphorites and various greenish
facies (Figures 6B,C, 7, S6A–C and S7A,B) [29].

The distribution of facies and minerals in the sedimentary record of Las Ermitas is
consistent with the formation of a reefal complex that partially enclosed a marginal lagoon.
The occurrence of conglomeratic levels with different sedimentary features (e.g., highly
imbricated vs heterometric) evidence that the lagoonal area was supplied by a changing
alluvial activity (Figure S3) that was likely affected by tectonic activity. The partial isolation
of the lagoon by the reefal structure growing on the paleorelief ridge surely limited the
oxygen availability, which greatly affected the geochemical conditions in the environment.
Furthermore, the sedimentary record in Las Ermitas (e.g., weathering rims in conglomerate
boulders and pebbles in Figure 6A) shows that the continental area was exposed to a
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high alteration rate supplying the raw chemicals for the mineral formation in the lagoon.
The mineral composition of the green siltstones and the phosphorites in the Pedroche Fm
of Las Ermitas suggest that the chlorite-like phyllosilicates and the carbonate phosphate
resulted from the reduction of the Fe(III)-bearing oxyhydroxide complexes scavenging and
transporting phosphate and other ions into the basin [22,90]. Under suboxic conditions, the
microbial reduction of Fe3+ to Fe+2 destabilizes the oxyhydroxide structure and releases the
different ionic content into the seawater and the lagoon sediment. In these circumstances,
the PO4

3− and Fe2+ can reach oversaturation and promote the precipitation of phosphates
and ferrous phyllosilicates. While the driving redox conditions leading the mineral precip-
itation are unknown, the occurrence of small crystals of pyrite (<300 microns) occurring
inside phosphatic steinkerns suggests that anoxia happened very locally and at the mi-
croscale (Figure 9B). Furthermore, some fossils like hyoliths and mollusk steinkerns display
drastic changes in the mineral composition going from phosphate to silica, which is ulti-
mately recrystallized to quartz [91]. The boundary that limits the phosphate and silica areas
in the steinkerns shows enrichment in greenish phyllosilicates, which is also evidenced by
the abundant silicified archaeocyathid calyxes [29]. Such a mineral occurrence strongly sug-
gests that the solutions promoting the mineral precipitation in the sediment were saturated
in silica, which first precipitated as chlorite after the phosphate became undersaturated.

The formation of carbonate phosphate and syngenetic silica-bearing minerals is the
result of the silica and phosphate oversaturation in porewaters. As it has been discussed
above, the high weathering rates in the volcano-sedimentary materials under a CO2 at-
mospheric concentration of >6000 ppm estimated for the early Cambrian [3], would have
been the main source of such compounds. While phosphate could also have been sourced
from the decomposition of biomolecules, simple mass balance estimations suggest that the
release of phosphate from the biological compounds only accounts for a minor amount
of the needed phosphorous to precipitate primary francolite [22,37]. Such a calculation
can be easily done by considering the total P in las Ermitas phosphatic steinkerns of ar-
chaeocyathids, which are marine sponges. The total phosphorous dry weight in modern
marine sponges [92] is only <0.35%, while the steinkern fluorapatite contains up to a 20%
total weight of phosphorous [93]. In this context, the chloritic compounds would have also
formed through a supply of clays from the continent like kaolinite which would have com-
bined with the ferric oxyhydroxides to produce Fe3+/Fe2+-bearing phyllosilicates [94,95].

The phosphatic deposits formed in different energy conditions that were eventually
exposed to high energy recurrent episodes concentrating phosphatic elements in condensed
levels (Figure S6A,B). The levels are separated by sharp boundaries limited by chlorite-like
rims and contain centimeter-sized elements coated by the same ferruginous phyllosilicates,
which likely correspond with multiepisodic phosphorites formed by current-induced
erosion and sedimentation fluctuations [37]. Their occurrence suggests that the lagoon and,
therefore, the whole reefal system were affected by seasonal currents that were likely of a
marine origin, as they would not influence detrital materials of continental sources [29].
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Figure 4. An exploration of the NW outcrops of the Pedroche Formation in Las Ermitas, revealing
the facies’ variability and disconformity. (A) An illustrative depiction showcasing the three distinct
sites (1 to 3), as depicted in Figure 3. These locations encompass the following: (1) The boundary
between the San Jeronimo and Pedroche Formations, indicating a transition between the different
rock units. (2) Conglomeratic and sandy deposits infilling a deep trough, representing sedimentary
accumulation in a subsided area. (3) Lagoonal carbonates containing phosphorites, which will be
thoroughly examined in Figures 4B, 5 and 7. This configuration demonstrates rapid facies changes
within the reefal system. (B) A detailed view of the geological sequence, exhibiting andesitic materials
from the San Jeronimo Formation, which are unconformably overlain by a calcimicrobial boundstone.
This disconformity indicates a significant time gap or erosional event separating the two rock units.
The figures provide valuable insights into the facies’ variability and disconformity, observed in
the NW outcrops of the Pedroche Formation in Las Ermitas. These observations contribute to our
understanding of the geological processes shaping the region and highlight the dynamic nature of
the Cambrian reefal system.
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Figure 5. Detail of sedimentary features at sites 1 and 2. (A) Site 1 showcases the complex contact
between the Pedroche and San Jeronimo Formations, where microbial carbonates fill cavities and
cracks. (B) A close-up view of a cavity filled with carbonate, displaying thrombolytic and stromatolitic
structures that encrust the walls and ceilings of the volcanic host rock from the San Jeronimo Forma-
tion. At site 2 (C,D), the Pedroche Formation outcrops consist of upward-fining sequences comprising
conglomerates, sandstones, and purple lutites that transition into purple nodulose limestones. This
sequence indicates the evolution of alluvial fans towards littoral conditions, leading to the formation
of the nodulose limestones.

The occurrence of conglomeratic levels with different sedimentary features suggests
that the lagoonal area received varying alluvial inputs, likely influenced by tectonic activity
and a high continental weathering rate [19]. The XRD analyses of the samples acquired
from multiple sites within the Ermitas area (see Section 3.1) reveal that the predominant
autochthonous mineral phases are chamosite, trioctahedral illite, carbonate fluorapatite,
calcite, and α-quartz. The relative abundances of ferruginous phyllosilicates and fluora-
patite are substantially higher in the sediments deposited in the back-reef environment
compared to those in the southern reefal fore basin region. This mineral assemblage is
congruent with their genesis under conditions typified by a significant influx of various
compounds originating from continental sources and transported via fluvial processes,
which resulted from intense weathering facilitated by elevated pCO2 [3].
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Figure 6. The lithological and sedimentary characteristics of the Pedroche Formation at site 4 provide
valuable insights into the paleoenvironmental conditions within the lagoonal area. (A) Conspicuous
conglomeratic deposits at level 1 (L1) of Section 95E7 (B) exhibit the imbrication of elongated pebbles
with a discernible weathering aureole. (C) Section 95E7 also reveals the presence of alternating
calcimicrobial boundstones and greenish nodulose lutites and limestones in level 5 (L5). These varia-
tions in lithology suggest dynamic fluctuations in the paleoenvironmental conditions experienced
within the marginal lagoon. For a comprehensive understanding of the lithology and paleontological
content in column 95E7 (B), please refer to the legend provided in Figure 7.
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Figure 7. Showcases Section 95E5 at site 3, which served as the sampling location for the organic
compound analysis of samples 95E5/2 and 95E5/3. This section exhibits a distinctive assemblage
of fine-grained facies, including purple, ochre, and green lutites, interspersed with calcimicrobial
boundstones and syngenetic and episodic phosphorites. The observed succession of these facies
indicates fluctuations in water energy and oxygenation levels within the lagoon. The greenish
materials, such as nodulose lutites and carbonates, harbor a diverse paleontological record. These
findings are suggestive of a rich and productive community that thrived within the lagoon. Levels 1
and 12 (L1 and L12) are provided as reference points within the section. Samples 95E5/2 and 95E5/3,
subjected to organic analysis using GC/MS and ToF-SIMS techniques, respectively, are indicated by
small red squares in the corresponding stratigraphic section below.
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Figure 8. The Pedroche Formation exhibits a complex sedimentary distribution, as illustrated by
(A) the infilling of cracks and cavities within the San Jeronimo Unit by boundstones. (B) A closer
view reveals boundstones composed of diverse stromatolitic and thrombolytic microbial structures,
which intrude into the volcanic materials of the San Jeronimo Unit.
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Figure 9. The influence of redox conditions on the mineral composition of the lagoon deposits within
the Pedroche Formation depicted in Figure 8. (A) The diagram illustrates the pH and Eh stability fields
for various minerals found in the sedimentary deposits of the Pedroche Formation, highlighting the
varying oxidation states of iron minerals such as hematite (Fe2O3), chamosite (Fe2+

2Al2SO5(OH)4),
and pyrite (FeS2), in relation to the distribution of phosphatic minerals represented by vivianite
(Fe2+

3(PO4)2·8H2O). Additionally, the diagram indicates the Eh and pH stability ranges for other
phosphatic minerals like francolite (Ca5(PO4)3F), which serves as a precursor to apatite (Ca5(PO4)3).
The mineral distribution in this diagram provides insights into the paleoenvironmental changes
governed by the availability of oxygen. According to the mineral distribution scheme, the occurrence
of different fine-grained deposits, initially composed of clays, follows a sedimentary sequence
influenced by an Eh gradient. Under oxidizing conditions, purple deposits form, which subsequently
transition to more reducing conditions characterized by the presence of siderite (FeCO3) and pyrite
(FeS2). (B) This pattern is evident in the micritic matrix that fills certain skeletal structures and in
phosphatic fossil steinkerns that associate with sulfides in form of pyrite cubes.
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4. Paleobiological Record
4.1. Fossil Content

To accurately estimate the biogeochemical fluxes of P, Fe, and Si within the reefal
system, it is essential to comprehensively evaluate the various components of the pale-
oecosystem, as these ultimately influence the biomass produced and, consequently, the
quantity of organic and inorganic carbon preserved in the record. The Cambrian deposits
of Las Ermitas contain a diverse paleobiological record that documents the establish-
ment and development of the reefal ecosystem (Figure S9A). This record is substantiated
by the presence of three distinct groups of fossil bodies, including a varied assemblage
of phosphatized and/or silicified shelly fossils from the lagoon environment, a diverse
association of reef-flanking archaeocyathids, and the reef-forming calcimicrobial struc-
tures [32,39–41,91,96]. Interestingly, the observation of thin sections under the microscope
from the Las Ermitas paleoecological record also provides evidence that brachiopods and
trilobites were likely organisms that, if not abundant, were common components of the
lagoon habitat. Furthermore, the inclusion of numerous phosphatized filamentous mi-
crostructures and other complex phosphatic elements corresponding to preserved fungi
(Figure S9B–E) is noteworthy [32,91,96]. Intriguingly, a significant portion of the reefal and
lagoon paleoecosystem, specifically the chemolithotrophic and chemoautotrophic bacteria,
was indirectly recorded in the form of ferrous deposits. These deposits will be considered
in the estimation of nutrient fluxes within the reefal area. By thoroughly examining each
of these ecosystem components, we can construct a comprehensive understanding of the
biogeochemical processes that governed the cycling of P, Fe, and Si within the ancient
reefal system. Phosphatized external molds in the lagoon deposits might correspond to
microbial envelopes of phosphatized fungal mats covering various biogenic elements,
such as archaeocyathid calyxes [29,88]. These heterotrophic structures, likely representing
fungal colonies subjected to phosphatization, are extensively documented as mineralized
hyphal networks intertwined with other biological remains (Figure S9C–E). Additionally,
their association with other fossils suggests a highly active decomposing trophic level,
further evidenced by the abundant production of ferrous iron in the form of Fe2+-bearing
phyllosilicates within the greenish siltstones.

The sedimentary and geochemical conditions favored the preservation of skeletal
remains, biasing the record of the paleocommunity diversity (Figure S9A). This process
involved the phosphatization and silicification of chitinous exoskeletons of Byronia, and
ostracods shells [32], and the formation of simple phosphatic to very complex steinkerns
composed of phosphate, chlorite, and silica in coeloscleritophorans and hyoliths [32,91,96].
Whether autochthonous or allochthonous, tommotiid fossils were recovered from the for-
ereef area [29,32,96] and, consequently, should not be considered as part of the indigenous
biota inhabiting the lagoonal paleoenvironment.

From an autoecological perspective, the preponderance of the taxon Byronia [97,98],
intimates that the environmental conditions were particularly propitious for sessile, benthic
organisms anchored to the substrate. These organisms likely flourished due to the conflu-
ence of factors present within the reef’s protective confines, which simultaneously offered
shelter from turbulent waters and an abundance of nutrients, thereby fostering a highly
productive ecosystem. Furthermore, the phosphatized organic walls of Byronia indicate
that, while they had a soft body covered by a chitinous exoskeleton prone to decay, they
were preserved through phosphatization [6,32,99] as a result of a large supply of phosphate
into the lagoon. This is also supported by the high abundance of small shelly fossils like
Conotheca, Actinotheca, Turcutheca, as well as indeterminate hyoliths and numerous mollusks
pointing to a rich diversity of mobile and sessile epifaunal suspension feeders and graz-
ers [100–102], which would include arthropods like trilobites and sessile benthos such as
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brachiopoda. These animals would have exploited the nutrients and organic matter in the
water column and on surfaces within the lagoon. Furthermore Chancelloridae, represented
by phosphatic inner molds in sclerites, were produced by sessile, epifaunal suspension
feeders that were an important group inhabiting the lagoonal area [103].

The paleocommunity appears to have had a complex trophic structure with primary
producers, suspension feeders, grazers, and likely some higher-level consumers [102,104].
The reef itself, built by calcimicrobes and archaeocyaths, would have provided a physical
substrate for sessile organisms to attach to and shelter for mobile fauna [105]. The high
abundance and diversity of suspension feeders suggests the lagoonal waters were pro-
ductive, with abundant nutrients and organic matter delivered by currents or runoff [106].
The dominance of epifaunal and suspension-feeding modes of life, rather than infaunal or
deposit-feeding, points to a well-oxygenated benthic environment. Taphonomically, the
phosphatization of organic tissues and inner molds allowed the preservation of soft-bodied
and lightly mineralized organisms that are not always captured in the fossil record [107].
The lagoonal environment, with calm waters and rapid burial, likely enabled this excep-
tional preservation.

The paleobiological record of the Las Ermitas Cambrian reefal system reveals a diverse
and complex ecosystem, reminiscent of the celebrated Burgess Shale fauna [108]. The
paleoecological analysis, based on both abundance and biomass data (Figure S9A), provides
a multifaceted view of the community structure, allowing us to draw important parallels
and distinctions with other Cambrian ecosystems. The faunal assemblage at Las Ermitas
exhibits a remarkable diversity, with over 20 distinct taxonomic groups identified. This
diversity is comparable to that observed in the Burgess Shale, although the taxonomic
composition differs significantly. As shown in Figure S9A, the community is dominated by
mollusks (Helcionellidae, Pelagiellidae) and various small shelly fossils (e.g., Byroniidae,
Chancelloriidae), whereas the Burgess Shale fauna was primarily dominated by arthropods.

Following the approach in [108] of considering both numerical abundance and biomass
(analogous to the use of biovolume), our data reveal intriguing patterns in the ecological
significance of different groups. For instance, while Helcionellidae comprises 15.37% of
the total individuals, it accounts for a striking 27.70% of the total biomass, suggesting
a disproportionate ecological impact. Conversely, the numerous but small Byroniidae
represents 7.76% of individuals but only 5.94% of the biomass. This disparity between
abundance and biomass highlights the importance of considering both metrics when
assessing the ecological roles of different taxa, a key insight from [108]. The diversity
and abundance patterns observed in our data allow us to identify a “trophic nucleus”
of dominant species, a concept emphasized in [108]. In the Las Ermitas system, this
nucleus appears to consist primarily of Helcionellidae, Pelagiellidae, and Byroniidae, which
collectively account for over 30% of both individuals and biomass. This concentration of
ecological importance in a few groups mirrors the patterns observed in the Burgess Shale,
although the taxonomic composition of the dominant groups differs.

However, it is crucial to note that our understanding of the Las Ermitas ecosystem
may be biased by preservation factors. One study [108] emphasized the importance of
soft-bodied organisms in the Burgess Shale, which are largely absent from our data. The
low representation of groups like Bradoriida in our samples may reflect taphonomic biases
rather than true ecological scarcity. This preservation bias underscores the need for caution
when reconstructing ancient ecosystems based solely on mineralized remains. Despite these
limitations, our data suggests a complex community structure with multiple trophic levels.
The presence of various mollusks, chancelloriids, and other small shelly fossils indicates
a range of feeding strategies, from suspension feeding to grazing and possibly predation.
This ecological diversity, while not as explicitly clear as in the Burgess Shale due to the
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absence of soft-bodied fossils, nonetheless points to a well-developed and functionally
diverse ecosystem.

Furthermore, the dominance-diversity curve for the Las Ermitas lagoon community
(Figure S9F) provides valuable insights into the structure and diversity patterns of this
lower Cambrian ecosystem. The curve follows a log-normal distribution, a pattern com-
monly observed in many natural communities [109]. This distribution suggests a complex
community structure where multiple factors influence species abundance, rather than a
single dominant factor controlling the ecosystem.

The steep initial decline of the curve indicates that a small number of taxa dominate
the biomass in this community. This pattern is consistent with the concept of the “trophic
nucleus” discussed earlier, in which a few key species play disproportionately large roles
in the ecosystem. In the Las Ermitas community, these dominant taxa are primarily
mollusks and small shelly fossils, contrasting with the arthropod-dominated Burgess Shale
fauna [108]. The long tail of the curve, representing numerous taxa with a relatively low
biomass, suggests the high diversity of rarer species in the community. This feature is
often indicative of a stable and mature ecosystem [3]. It is important to note that this curve
only represents the preserved biomass, and the absence of soft-bodied organisms due to a
taphonomic bias may affect our interpretation of the community structure. Interestingly,
the curve lacks clear breaks or discontinuities, which might suggest a lack of distinct
ecological guilds or niches within the community. This contrasts with some modern marine
ecosystems, in which such breaks are more apparent [4]. However, more detailed analysis
would be needed to confirm whether this reflects a true ecological pattern or is an artifact
of preservation and sampling. The shape of this dominance-diversity curve for Las Ermitas
bears similarities to those described for other Cambrian communities [1,5], suggesting
some commonalities in the community structure across different Cambrian ecosystems.
However, the taxonomic composition contributing to this structure differs significantly
between Las Ermitas and other well-known Cambrian lagerstätten.

The microbial and archaeocyathid reef builders biomineralized to carbonate were also
subjected to eventual silicification and phosphatization as external molds and steinkerns
(Figures 8 and S9A,B). As a result, the fossil assemblage of Las Ermitas recorded the di-
versity of the mineralized and/or skeletal-bearing organisms, including the calcimicrobial
cyanobacteria consortia-building reefal microbialites, in the form of mounds and bioherms.
Although they were mainly composed of microbial algae like Girvanella, Epiphyton, and
Renalcis [105,110,111], the whole microbial community in the reefal core would be com-
pleted by different chemosynthetic and chemoheterotrophic microorganisms like sulfur-
reducing bacteria and methanogens [112,113]. In addition, the specimen abundance and
the high number of archaeocyathid genera, identified as up to 30 [40,114], in a small area
suggests that sponges, together with the calcimicrobial algae accounted for a substantial
part of the productivity of the reefal core, which likely had a significant impact in the total
biomass in the whole reefal system.

In this context, the early Cambrian archaeocyath-bearing reefs of the Pedroche For-
mation in Spain [6] appear to align closely with the Type 2 reefs outlined by Gandin and
Debrenne [115]. Type 2 reefs are calcimicrobial thrombolitic framestones, dominated by
Renalcis with associated low-diversity clusters of archaeocyaths [115]. Creveling et al. [6] re-
port that preliminary research on early Cambrian carbonates suggests skeletons contributed
up to ~20% of the total carbonate production, with archaeocyathan material dominating this
skeletal input. This aligns with the fact that archaeocyaths in Type 2 reefs typically comprise
10–20% of the reef volume [115]. To estimate the total amount of organic carbon contained
in archaeocyaths, we need to consider several factors: the volume of the archaeocyaths
in the reef, the proportion of the archaeocyath skeleton that was organic material versus
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mineral, and the total volume of archaeocyath-bearing reefs during the early Cambrian.
While precise data for all these factors are not available, based on the range provided by
these studies, we will use an average of 15% for the volume of archaeocyaths in reefs.

To estimate the primary productivity and biomass of the Las Ermitas lagoon, we can
draw comparisons with modern and past reefal systems. In modern reefs, the primary
production is mainly driven by benthic algae, with productivity values ranging from
0.5 to ~120 g C·m−2·d−1 [116,117]. In particular, the likely presence of Chlorophyta and
Rhodophyta in the backreef lagoon would have significantly contributed to the primary
production and the overall biomass of the system. In the reef core and certain lagoonal
calcimicrobial patches, the primary production was likely driven by microbial mats, which
were composed of cyanobacteria and other photosynthetic microbes. Studies of analogous
modern microbial communities have revealed that their primary productivity ranges from
approximately 1 to 360 g C·m−2·d−1 [118,119]. As mentioned above, archaeocyathids
are a secondary component accompanying the calcimicrobial community in the reef core
and reefal patches, whose productivity should be considered. However, given that those
remains correspond with porifera, which were heterotrophic filterers, they were not consid-
ered as part of the reef structure primary productivity. Although the question might arise
as to whether such organisms, such as some other porifera [120,121], had symbiosis with
photosynthetic microorganisms, there is no evidence with which to answer such a question,
and they will be not accounted for in the primary productivity estimations and, therefore,
in relation to the biogeochemical cycling of carbon and the nutrients like phosphate, iron,
and silicon that are considered in this work.

In the Las Ermitas Cambrian reefal system, the energy transfer efficiency from primary
producers to higher trophic levels likely followed a similar pattern to that observed in
modern shallow marine environments. Lindeman’s law estimates that approximately
10% of the energy fixed by the microbial mats, early macroalgae, and potentially green
and red algae in the Las Ermitas lagoon would have been transferred to the primary
consumers in the ecosystem [122]. This energy would have then propagated through the
food web, supporting a diverse assemblage of herbivores, detritivores, and higher trophic
levels. However, as mentioned earlier, the actual energy transfer efficiency in the Las
Ermitas system may have varied slightly from the 10% average, depending on the specific
organisms present and the environmental conditions [123]. Nonetheless, this 10% energy
transfer efficiency provides a reasonable estimate for understanding the flow of energy and
the trophic structure within this ancient reefal ecosystem, highlighting the crucial role of
primary producers in supporting the diverse Cambrian marine community.

4.2. Taphonomic Processes and Fossilization

The fossilization of biological elements, from the living community (biocoenosis) to
the death assemblage (taphocoenosis) and the final fossil association [124], plays a crucial
role in capturing the nutrient fluxes within the lagoonal system serving as a dynamic
sink for them. By characterizing the composition and structure of the various fossilized
elements found in the Las Ermitas material, three distinct fossilization processes can
be identified: phosphatization, chloritization, and silicification (Figure 9A,B) [29,91,96].
These processes interplayed and maintained a dynamic equilibrium with the sediment
and seawater solutions. Variation in the mineralization composition can be attributed to
local changes in the sediment solution chemistry (Figure 9A), which are recorded in the
composition of the inner molds that fossilize the skeletal structures of organisms such as
hyoliths and chancelloriids (Figure 9A). The presence of pyrite as a secondary mineral
within the phosphatic molds is particularly intriguing, as it results from the local microbial
reduction of sulfate and ferric ions supporting anoxic conditions [125] at the microscale.
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In general, the fossil assemblage within the lagoonal materials (Figures 4–8 and S1–S3)
is characterized by three distinct components: (1) phosphatic steinkerns or molds filling
carbonate shells, such as those of coeloscleritophorans and hyoliths; (2) phosphatized
chitinous exoskeletons, exemplified by byroniids; and (3) silicified or chloritized walls,
as observed in archaeocyathid. The selective phosphatization of chitinous exoskeletal
structures in Cambrian invertebrates, while carbonate structures remain unphosphatized, is
a result of several interrelated factors stemming from the inherent properties of the materials
and the prevailing geochemical conditions in the depositional environment. Chitin, the
primary component of many invertebrate exoskeletons, exhibits higher chemical reactivity
compared to calcium carbonate, making it more susceptible to phosphatization during
early diagenesis [126,127]. Furthermore, the presence of an organic matrix within chitinous
exoskeletons provides a template for phosphate mineralization, offering nucleation sites for
the precipitation of calcium phosphate minerals like apatite, which can replace the original
chitinous material [128].

The decay processes associated with the degradation of organic matter within chiti-
nous exoskeletons create localized microenvironments characterized by elevated phosphate
concentrations and a reduced pH. These conditions favor the precipitation of calcium
phosphate minerals, leading to the phosphatization of the chitinous structures [128,129]. In
contrast, many Cambrian depositional environments likely had seawater that was saturated
or near-saturated with respect to calcium carbonate, promoting the preservation of carbon-
ate structures in their original mineralogy without significant phosphatization [130,131].

The kinetics of phosphatization also plays a crucial role in the differential preser-
vation of chitinous and carbonate structures. The phosphatization process is generally
more rapid than the replacement of carbonate by phosphate minerals, allowing chitinous
structures to be preferentially phosphatized before carbonate structures are significantly
affected [127]. Moreover, the higher permeability of chitinous exoskeletons compared to
carbonate structures facilitates the more efficient infiltration of phosphate-rich fluids during
early diagenesis, enhancing the phosphatization process in chitinous structures [126].

The formation of phosphatic molds or steinkerns in the early Cambrian is an important
mode of preservation that provides valuable insights into the morphology and ecology
of early animal life. In the Las Ermitas fossil assemblage, phosphatic molds were formed
through the precipitation of phosphate minerals within the void spaces left by the decay of
soft tissues, rather than the replacement of carbonatic shells [99]. This process is thought to
occur under suboxic conditions, where low oxygen levels favor the release of phosphate
ions from organic matter by microbial activity [132,133] and the ferric reduction of iron-
bound phosphates in the sediment [37]. In suboxic environments, oxygen levels are
very low (<0.5 mg/L) but not completely absent. Interestingly, under these conditions,
microorganisms can use alternative electron acceptors for respiration, such as NO3

−,
manganese oxides, and Fe3+, in a sequence determined by their redox potential and oxygen
concentration [134]. The formation of phosphatic molds in the Las Ermitas assemblage
is likely related to the development of oxygen-deficient conditions within the sediment,
which may have been influenced by factors such as high organic matter input and reduced
circulation, or increased productivity resulting in the higher demand for oxygen in the
lagoonal area.

5. Organic Carbon and δ13Ccarb Chemostratigraphy
The analysis of total organic carbon (Corg) in Cambrian rocks from Las Ermitas

reveals varying concentrations, with the highest being 9.45 wt% and the lowest being
0.03 wt% [88]. The average Corg content in the Las Ermitas materials (0.24 wt%) is generally
lower than those found in the mixed platform deposits of the Arroyo Pedroche location
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(0.51 wt%) [29,86], which lack phosphates but exhibit a higher pyrite content [29,88]. The
complementary distribution pattern between phosphate and pyrite (Figure 10A) sug-
gests that the Arroyo Pedroche materials were exposed to open sea conditions, hindering
phosphate formation but allowing for lower oxygen availability during early diagenesis,
favoring organic matter preservation and pyrite formation.

The carbon isotope composition of the carbonates (δ13Ccarb) in the Las Ermitas sec-
tion exhibits a consistent average value of –1.5‰, aligning with the isotopic pattern ob-
served at the upper levels of other Cambrian locations in Cordoba [6]. The correlation of
the Pedroche Formation’s δ13Ccarb record with the radiometrically calibrated Cambrian
Terreneuvian-Series 2 δ13Ccarb curve establishes an absolute depositional age ranging from
520.93 ± 0.14 Ma to 517.0 ± 1.5 Ma [6]. The age constraints derived from the chemostrati-
graphic and biostratigraphic analyses of the Pedroche Formation in the Las Ermitas area
are consistent with the archaeocyathid biostratigraphy, which shows a strong correlation
with the Atdabanian stage of the Siberian Platform [39–41].
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Figure 10. Geochemical scatterplots regarding the organic and inorganic content in the Pedroche
Fm. (A) The total organic carbon (Corg) against the total sulfur (wt%) from the Cambrian rocks in
Las Ermitas, compared with the same unit in the Arroyo Pedroche location [29] and the Edicaran
limestones and shales from Central Spain. The scatterplot shows that the Corg average in the Las
Ermitas materials is lower than the average content of the organic carbon from the mixed platform
deposits of the Arroyo Pedroche location. (B) Diagram plotting 13C fractionation (δ13Ccarb) against
18O fractionation (δ18Ocarb) from carbonate samples collected in Las Ermitas and other Pedroche Fm
outcrops [6]. The oxygen and carbon isotope records in Las Ermitas and the other Cordoba locations
align with the Neoproterozoic and Phanerozoic isotopic record, indicating similar diagenetic processes
involving meteoric solutions [135].
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The chemostratigraphic analysis supports the biostratigraphic assignment of the Pe-
droche Formation to the lower part of Cambrian Series 2, Stage 3. Furthermore, correlating
the δ13Ccarb values of the Pedroche Formation to the radiometrically calibrated Cambrian
Terreneuvian-Series 2 δ13Ccarb curve suggests an absolute depositional age of between
520.93 ± 0.14 Ma and 517.0 ± 1.5 Ma [6], indicating a sedimentation period of approxi-
mately 4 million years. Given that the Las Ermitas deposits, which include lagoonal and
reefal facies, are correlated with the upper third of the complete Pedroche Formation in
the Sierra de Cordoba [6], it can be inferred that the formation of these deposits lasted
around 1 million years, assuming a constant sedimentary rate. The temporal framework
established through the chemostratigraphic and biostratigraphic analyses provides a basis
for estimating the biogeochemical cycling in the reef–lagoon system represented by the Las
Ermitas materials. By constraining the depositional age and duration of the Las Ermitas
deposits, it becomes possible to assess the rates and dynamics of biogeochemical processes
within this ancient marine environment.

The covariation between the δ13Ccarb and the oxygen isotope (δ18Ocarb) composition
in the lower section of the Las Ermitas sequence suggests an increased influx of meteoric
water associated with a higher supply of photosynthetically depleted 13C, originating from
the subaerial recharge area [135]. The oxygen and carbon isotope records in Las Ermitas
and other locations in Cordoba align with the Neoproterozoic and Phanerozoic isotopic
record (Figure 10B), indicating the influence of similar diagenetic processes involving
meteoric solutions.

6. Estimation of Nutrient Fluxes and Paleoproductivity in Las Ermitas
Reef–Lagoon System

The procedures employed in this study involve quantifying nutrient reservoirs and
sinks within the specific temporal framework of the early Cambrian period, approximately
520 million years ago. Although this approach does not provide precise measurements of
energy and matter fluxes, as these parameters are not preserved in the geological record, it
offers a valuable estimation of the potential fluxes that supported the emergence and devel-
opment of the reefal community in a region of the southwestern Gondwana supercontinent.

By carefully examining the available sedimentological, geochemical, and paleontologi-
cal data, we aimed to reconstruct the nutrient dynamics and their role in the establishment
of these ancient reef ecosystems. Despite the limitations imposed by the incomplete nature
of the fossil record, this methodology represents an approach to understanding the complex
interplay between biogeochemical cycles and the evolution of early marine communities
during this pivotal period in Earth’s history.

To estimate the chemical composition and flux rates of the solutions that transported
nutrients into the lagoonal area, resulting from continental weathering, we employed the
Geochemist’s Workbench © version 12 [136]. This geochemical modeling software package
enables users to simulate a wide range of geochemical processes and reactions, including
aqueous speciation, saturation indices calculation, reaction path modeling, and reactive
transport modeling.

6.1. Time Framework

As discussed in Section 5, the temporal framework for the early Cambrian reef–lagoonal
system of Las Ermitas can be reasonably estimated as 1 million years based on the
chemostratigraphic and biostratigraphic analyses of the Pedroche Formation. The δ13Ccarb

values of the Pedroche Formation, when correlated with a radiometrically calibrated Cam-
brian Terreneuvian–Series 2 δ13Ccarb curve, suggest an absolute depositional age of between
520.93 ± 0.14 Ma and 517.0 ± 1.5 Ma [6], indicating a total sedimentation period of ap-
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proximately 4 million years. Given that the Las Ermitas deposits, which include lagoonal
and reefal facies, are correlated with the upper third of the complete Pedroche Formation
in the Sierra de Cordoba [6], it is reasonable to infer that the formation of these deposits
lasted around 1 million years, assuming a constant sedimentary rate. This 1-million-year
interval provides a suitable framework for estimating the biogeochemical fluxes within the
Las Ermitas reef–lagoon system, as it allows for the assessment of the rates and dynamics
of biogeochemical processes within this ancient marine environment over a geologically
significant time scale.

6.2. Continental Reservoir for Nutrients

The continental composition and the climatic conditions strongly suggest that western
Gondwana was the main reservoir and the source of a great part of the different nutrients
that fed the emerging Phanerozoic communities [3,18,22]. The petrological composition of
the Neoproterozoic materials preceding the lower Cambrian transgressive deposits [137],
which outcrop in South Spain and, particularly, in the Las Ermitas location show that
were composed of volcanic rock with varying textures [29,138]. Furthermore, the are some
intercalations of sedimentary deposits mainly detrital alternating with some carbonatic
levels [139].

The Cambrian volcanic rocks from the Cordoba area in the Ossa-Morena Zone (OMZ)
can be classified into two main groups: felsic and mafic lithotypes [140,141]. The felsic rocks
are classified as rhyolites, dacites, trachytes, and quartz trachytes, while the mafic lava
consists of mainly basalts, often strongly affected by hydrothermal metamorphism [141].
Furthermore, both felsic and mafic volcanic rocks have undergone a late Variscan meta-
morphic/hydrothermal overprint, which promoted the development of secondary mineral
assemblages. This secondary mineralogy hinders the petrographic and mineralogical
characterization of the primary rocks [141]. Considering the high petrological diversity
observed in the volcanic materials of the Cordoba area, and the predominance of felsic
compositions in the deposits of the Las Ermitas outcrops, an andesitic composition is
regarded as the most representative for the primary continental reservoir that supplied
nutrients to the reefal-lagoonal system. This choice is based on the understanding that
andesitic rocks, which are intermediate in composition between felsic and mafic endmem-
bers, can effectively capture the average geochemical characteristics of the heterogeneous
volcanic suite.

6.3. Release of Nutrients from the Continental Crust Through Weathering

The weathering of volcanic basements plays a crucial role in the release and subsequent
transport of essential nutrients, such as silica, phosphate, and ferric iron, from terrestrial to
aquatic environments. When exposed to atmospheric conditions, volcanic rocks undergo
chemical weathering, which is primarily driven by the interaction between rock-forming
minerals, water, and atmospheric gases, such as CO2 [142]. For our model, as the volcanic
basement is weathered, silicate minerals, such as plagioclases, feldspars and pyroxenes,
dissolve, releasing dissolved silica and other elements, including iron and phosphate, into
the aqueous phase as dissolved or particulate complexes [143]. In the early Cambrian,
with atmospheric pCO2 levels of around 0.00896 atm and an average temperature of
25 ◦C, the meteoric solutions could have had a pH of around 5.4 assumming equilibrium
conditions [3]. Under the slightly acidic pH conditions prevalent, the released ferrous iron
would have been partially oxidized to ferric iron [144,145], with some fraction remaining as
dissolved Fe2+ in the aqueous phase [146]. The oxidation of ferrous iron to ferric iron would
have been facilitated by the presence of dissolved oxygen in the meteoric water, albeit
at lower concentrations compared to modern levels. According to most recent studies,
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the atmospheric O2 level during the early Cambrian was likely between 10% and 40%
of the present atmospheric level (PAL) [147–149]. This means that the atmospheric O2

concentration was approximately 2% to 8% by volume, compared to the modern level of
about 21%, which ranged between 0.027 to 0.11 mmol·L−1 or 0.87 to 3.5 mg·L−1. This is
significantly lower than the modern value of 0.27 mmol·L−1 or 8.7 mg·L−1 calculated for
meteoric water in equilibrium with the present-day atmosphere.

The iron oxidation leads to the formation of insoluble ferric iron oxides and hydrox-
ides, which play a significant role in the adsorption and transport of phosphate in fluvial
systems [22,37]. As the weathering of the volcanic basement progresses, the released nutri-
ents, including silica, phosphate, and ferric iron, are transported downstream by fluvial
streams, ultimately reaching the oceans where they contribute to primary productivity and
the biogeochemical cycling of these elements [150].

We employed the react module of the Geochemist’s Workbench (GWB) software to
simulate the weathering of 1 kg of andesite over one year, using parameters that reflect the
early Cambrian environment. The model assumed a slightly acidic pH of 5.4, consistent
with higher atmospheric CO2 levels of the time, and a dissolved oxygen concentration
of 0.05 mmol/L, lower than present-day levels. To represent subtropical conditions, we
set a meteoric flow rate of 1500 mm/year and a temperature of 25 ◦C. These parameters
created a water-to-rock ratio of 15:1, simulating the interaction between rainfall and the
rock surface.

The andesite composition in our model reflected a typical mineralogy, comprising
40% anorthite, 20% albite, 10% annite, 4% phlogopite, 15% hedenbergite, 2% enstatite,
5% magnetite, 3% quartz, and 1% fluorapatite (Table 1). This diverse mineral assemblage
allowed us to track the release of various elements, with a focus on iron, aluminum, silicon,
and phosphorus, all of which play crucial roles in biological processes.

Table 1. The primary mineral phases in andesite contributing to the continental reservoir of Fe, Al,
Si, and P during early Cambrian weathering. The calculations are based on 1 kg of andesite with a
density of 2.65 g/cm3 [151], occupying a volume of approximately 377.358 cm3.

Mineral Chemical Formula Mass (gr)

Anorthite CaAl2(SiO4)2 400
Albite NaAlSi3O8 200

Annite (Fe-biotite) KFe3AlSi3O10(OH)2 100
Phogopite (Mg-biotite) KAlMg3Si3O10(OH)2 40

Henderbegite CaFe(SiO3)2 150
Enstatite MgSiO3 20

Magnetite Fe3O4 50
Ilmenite FeTiO3 20
Quartz SiO2 30

Fluorpapatite Ca5(PO4)3F 10

The simulations revealed that under early Cambrian conditions, approximately 167.3 g
of the original 1 kg of andesite would dissolve over one year. This significant dissolution
rate reflects the enhanced weathering conditions of the time, driven by slightly acidic
pH and a subtropical climate. Based on this dissolution, we calculated the release of key
elements and compounds.

In the absence of terrestrial plants during the early Cambrian, microbial activity likely
played a crucial role in the weathering of the andesitic substrate. Microorganisms can en-
hance the dissolution of silicate minerals by producing organic acids and forming biofilms,
which create localized acidic microenvironments on rock surfaces, thereby accelerating
mineral breakdown. Studies have shown that various microorganisms can stimulate silicate
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mineral dissolution at near-neutral pH levels [152,153]. Additionally, microbial biofilms
can facilitate the chelation and mobilization of cations such as Fe2+, Mg2+, and Ca2+, further
promoting mineral dissolution [154,155]. This microbial-mediated weathering would have
contributed significantly to nutrient fluxes into marine environments, supporting biogeo-
chemical cycles and the development of early Cambrian ecosystems. While direct evidence
from the early Cambrian is limited, modern analogs suggest that such microbial processes
were likely instrumental in shaping the geochemical landscape of that era. Furthermore, lo-
calized deposits enriched in sulfides, formed through igneous activity, could have provided
an additional source of acidic solutions [156]. These sulfide-rich environments, combined
with the activity of acidophilic and chemolithotrophic microbes, likely produced sulfuric
acid, further enhancing weathering rates by promoting rapid mineral dissolution under
highly acidic conditions.

The results showed that in one year, the weathering process would release 18.05 g
of iron, 17.42 g of aluminum, 73.31 g of SiO2, and 0.92 g of PO4 from 1 kg of andesite
(Table 2). Extrapolating these figures to a time scale of 1 Ma provides insight into the
long-term nutrient flux from continental weathering. Over this extended period, our model
suggests the potential release of 18,050 kg of Fe, 17,420 kg of Al, 78,310 kg of SiO2, and
920 kg of PO4 from the same initial mass of andesite. The model, based on a 1 kg sample
with a surface area of 100 cm2, estimates the following annual release rates per square
centimeter: 0.0908 gr·yr−1·cm−2 for Fe, 0.5548 gr·yr−1·cm−2 for SiO2, 0.1227 g/year/cm2

for Al, and 0.0049 gr·yr−1·cm−2 for PO4
3−. These rates reflect the weathering conditions

of the early Cambrian, characterized by a slightly acidic pH of 5.4, low dissolved oxygen
levels (0.05 mmol/L), and subtropical climate with annual rainfall of 1500 mm. The high
release rate of SiO2 underscores the significant breakdown of silicate minerals, while the
substantial Fe and Al release rates indicate the potential for these elements to play crucial
roles in early ocean chemistry and biological processes. The lower, yet notable, release
rate of PO4

3− suggests a consistent supply of this essential nutrient to early Cambrian
marine ecosystems.

Table 2. The annual production of SiO2, PO4
3−, Fe3+, and Al3+ from the weathering of 1 kg of

early Cambrian western Gondwana andesite, with estimated total production over 1 Ma used to
calculate nutrient fluxes in the early Cambrian Las Ermitas reef–lagoon system. Ca2+ is included to
demonstrate its high availability, which significantly impacts carbonate oversaturation and high rates
of phosphate mineral production.

Ion g·yr−1 g·yr−1·cm−2 Total Mass in 1 Ma (kg)

SiO2 78.31 1.24 78,310
PO4

3− 0.92 0.0146 920
Fe3+ 18.05 0.286 18,050
Al3+ 17.42 0.276 17,420
Ca2+ 14.09 0.223 14,090

Furhtermore, the model predicts a significant release of calcium through the weather-
ing of andesite over geological timescales, with approximately 9947 kg or 248,000 moles
of Ca2+ released per 1 kg of andesite over 1 million years. This translates to a Ca flux of
about 0.0318 gr·yr−1·cm−2 in the lagoonal area. This substantial influx of calcium into
aqueous systems could significantly impact carbonate and phosphate supersaturation. The
elevated Ca2+ concentrations would likely promote higher degrees of supersaturation with
respect to calcium carbonate minerals like calcite and aragonite, potentially leading to the
increased precipitation of these minerals in the lagoon and similar marine environments.
Similarly, the increased Ca2+ levels could enhance phosphate mineral supersaturation,
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possibly resulting in increased formation of calcium phosphate minerals such as apatite.
These processes could have far-reaching effects on biogeochemical cycles in the lagoon,
affecting carbon sequestration, phosphorus availability for biological processes, and the
overall chemical composition of the lagoonal waters.

7. Discussion
7.1. Nutrient Transport into the Marine Area

The transport of particulate and dissolved ferric iron and phosphate in fluvial streams
to the oceans during the early Cambrian would have been significantly influenced by the
unique environmental conditions of that time. As discussed above, under a pCO2 of ap-
proximately 0.00896 bar and an average temperature of 25 ◦C [3], the pH of rainwater would
have been around 5.4. These slightly acidic conditions would have favored the dissolution
of the Gondwanan volcanic basement, producing two different fractions: dissolved and
particulate matter, both equilibrated to the environmental conditions [143]. Furthermore, in
the early Cambrian, the dissolved and particulate organic iron and phosphorous fractions
were likely minor due to the absence of complex terrestrial communities, which means
organic production would have been dominated by microbial life [157]. This suggests that
the organic iron and phosphorous input from terrestrial areas would have been significantly
lower compared to later periods.

The most probable dissolved ferric iron complexes under these conditions would have
been Fe3+, FeOH2+, Fe(OH)2

+, FeH2PO4
2+, and FeSO4

+, with the relative abundance of
each complex depending on the specific pH and the presence of other ions like phosphate
and sulfate [143]. However, the solubility of ferric iron would have been limited by the
formation of insoluble iron oxides and hydroxides, such as ferrihydrite (Fe(OH)3), which
would have tended to precipitate out of solutions and become a part of the particulate
fraction [158]. Furthermore, particulate ferric iron transport would have likely dominated
in the early Cambrian, primarily as iron oxides and hydroxides formed during weathering
and precipitation processes. These particulate ferric iron phases would have been trans-
ported downstream as suspended sediment in fluvial streams and eventually deposited
in floodplains, estuaries, or marine environments like the lagoonal area recorded in Las
Ermitas [145]. The absence of extensive terrestrial vegetation and limited soil development
in the early Cambrian would have reduced the stability of land surfaces and increased the
potential for erosion and transport of particulate ferric iron [159]. The lack of rooted land
plants during this time would have resulted in higher physical erosion rates and increased
sediment transport compared to later periods with widespread terrestrial vegetation. This
enhanced erosion and transport would have facilitated the delivery of iron-rich particles to
aquatic environments, where they could have played a significant role in the adsorption
and cycling of nutrients, such as phosphate.

Phosphate dissolution and transport would have been influenced by the slightly
acidic pH conditions, which would have favored the dissolution of phosphate-bearing
minerals like apatite. The most probable dissolved phosphate complexes under these
conditions would have been H2PO4

− and HPO4
2−, with the relative abundance of each

species depending on the specific pH and the presence of other ions like calcium and
magnesium [143]. As mentioned, the dissolved organic phosphate (DOP) input would
have been relatively low due to the limited presence of terrestrial organic matter and the
absence of extensive terrestrial vegetation. However, some DOP could have been derived
from the decomposition of the microbial biomass in continental aquatic environments [160].

Particulate phosphate transport would have occurred primarily through the adsorp-
tion of phosphate ions onto the surfaces of iron oxides and hydroxides, clay minerals, and
calcium carbonate minerals. The adsorption of phosphate to iron oxides and hydroxides
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would have been favored under the slightly acidic to neutral pH conditions, forming stable
particulate phosphate phases [6,161]. The adsorption of phosphate onto ferric iron oxides
and hydroxides can be represented by the following equation [143]:

≡Fe-OH + H2PO4
− → ≡Fe-H2PO4 + OH−

where ≡Fe represents iron at the compound surface.
In addition to ferric iron, aluminum oxides and hydroxides, such as gibbsite (Al(OH)3),

could have also played a role in the adsorption and transport of phosphate in the early
Cambrian [161]. Aluminum oxides and hydroxides have a high affinity for phosphate and
can form stable particulate aluminum-phosphate complexes under slightly acidic to neutral
pH conditions. The adsorption of phosphate onto aluminum oxides and hydroxides can be
represented by the following equation [143]:

≡Al-OH + H2PO4
− → ≡Al-H2PO4 + OH−

where ≡Al represents aluminum at the compound surface.
The formation of stable particulate ferric iron-phosphate and aluminum-phosphate

complexes could have limited the availability of both nutrients for biological uptake, acting
as a sink for these elements during transport [65]. However, changes in environmental con-
ditions, such as a shift to more reducing conditions or a decrease in the pH, could have led
to the release of adsorbed phosphate and ferric iron back into the water, potentially affecting
the nutrient dynamics and the primary productivity in downstream environments [145].

Furthermore, during the weathering of andesitic rocks, dissolved silicon and alu-
minum can form various complexes and colloids that play a crucial role in element trans-
port. These Si-Al complexes often serve as precursors to the formation of clay minerals
in the lagoonal area [95,162]. These complexes can remain stable in solution for extended
periods, facilitating the transport of both Si and Al from weathering sites, which, after trans-
portation, would become in the backbone of the chamositic minerals in the depositional
environments like lagoons. The solubility and transport of these aluminosilicate species in
the early Cambrian would have been primarily governed by inorganic factors. Unlike in
modern environments, where organic ligands play a significant role, the early Cambrian
lacked terrestrial vegetation and complex organic matter. Consequently, the dissolution
and mobility of Si-Al complexes would have been more directly influenced by factors such
as the pH, temperature, and the ionic composition of the weathering fluids [163].

This inorganic-driven weathering regime would have resulted in a distinct pattern of
element release and transport, potentially affecting the composition and distribution of nu-
trients in early Cambrian lagoonal environments. In the context of early Cambrian shallow
marine areas, these Si-Al complexes could have served as an important source of dissolved
and colloidal material, potentially influencing the formation of authigenic clay minerals
and the bioavailability of silicon and aluminum to early organisms. The gradual transfor-
mation of these complexes into clay minerals like kaolinite would have occurred as they
encountered changing physicochemical conditions in the lagoonal environment [37,95].

Therefore, the transport of key elements from weathered andesitic sources to lagoonal
areas in the early Cambrian should have occurred through a combination of particulate
and dissolved forms. Based on our understanding of element behavior under the slightly
acidic (pH 5.4) and low-oxygen conditions (0.05 mmol·l dissolved O2) of the early Cam-
brian, we can estimate the relative proportions and main chemical species for each element.
Iron, being highly sensitive to redox conditions, was predominantly transported as par-
ticulate matter (70%–80%), primarily in the form of ferric oxides and hydroxides such
as ferrihydrite and goethite, with the remaining 20%–30% likely existing in dissolved
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forms [38,144]. Under the slightly acidic conditions (pH 5.4) of the early Cambrian, the
most probable dissolved ferric iron complexes would have been Fe3+, FeOH2+, Fe(OH)2

+,
and FeH2PO4

2+ [143,146,158]. Additionally, FeCl+ and FeSO4
+ would be locally abundant

depending on specific conditions in the source area, such as the presence of evaporitic
deposits or volcanic inputs that could increase the local chloride or sulfate concentra-
tions [145,164]. This higher proportion of dissolved iron, compared to modern oxidizing
environments, can be attributed to the lower oxygen levels of the early Cambrian atmo-
sphere [148]. Phosphorus transport was more evenly distributed between particulate and
dissolved forms, with each accounting for approximately 40%–60% of the total phosphorus
flux [165]. Particulate phosphorus would have been primarily adsorbed to iron oxides or
present in organic compounds, while dissolved phosphorus existed as inorganic phosphate
ions (H2PO4

−
, HPO4

2−) and dissolved organic phosphorus compounds. This distribu-
tion reflects the complex interplay between phosphorus and iron cycling in early Earth
conditions [166].

Silicon, being more soluble, was likely transported predominantly in dissolved form
(60%–70%) as silicic acid (H4SiO4) [167]. The remaining 30%–40% would have been in
particulate form, including colloidal silica and silicon incorporated into clay minerals. This
high proportion of dissolved silicon would have played a crucial role in the formation of
early siliceous organisms and sediments [168].

Aluminum, despite its generally low solubility at a neutral pH, may have had a higher
dissolved fraction (10%–20%) in the slightly acidic early Cambrian waters. This dissolved
aluminum would have existed as Al3+, Al(OH)2+, and Al(OH)2

+. However, the majority
(80%–90%) would still have been transported as particulate matter, primarily as Al(OH)3

and aluminosilicate clays [143,169].
It’s important to note that these percentages are estimates based on our estimations

of the early Cambrian conditions discussed herein. The actual proportions may have
varied depending on local factors such as weathering intensity, runoff rates, and the
specific mineral composition of source rocks. Furthermore, the presence of Si-Al com-
plexes, as discussed earlier, would have influenced the transport dynamics of both silicon
and aluminum, potentially increasing their mobility in the early Cambrian weathering
environment [95,170].

Interestingly, the absence of extensive terrestrial vegetation and limited soil devel-
opment in the early Cambrian would have resulted in higher physical erosion rates and
increased sediment transport compared to later periods [171,172]. This enhanced erosion
and transport would have facilitated the delivery of particulate forms to aquatic environ-
ments, where they could have played a significant role in the adsorption and cycling of
nutrients. These transport mechanisms would have played a crucial role in delivering
nutrients and minerals to early Cambrian lagoonal ecosystems, influencing the chemi-
cal composition of these environments and potentially impacting the evolution of early
life forms. The interplay between particulate and dissolved forms would have affected
the bioavailability of these elements, with dissolved forms generally being more readily
accessible to organisms [173].

7.2. The Geochemical Distribution of Iron, Phosphate, and Silica in the Biosedimentary Reservoirs
of the Las Ermitas Reefal Complex

The diverse sedimentary units and fossilized biotic components within the reef–lagoon
system serve as repositories for a significant portion of the total iron, phosphate, and
silica budget. This budget represents the cumulative release of these elements over the
estimated one-million-year duration of the reef–lagoon complex. Quantifying the total
content of these ions and compounds is a crucial prerequisite for elucidating the flux
patterns of these nutrients across various reservoirs within the reef–lagoon system. These
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reservoirs include, notably, the biosphere compartment, represented in this context by the
reef–lagoon paleocommunity.

To achieve a comprehensive understanding of nutrient cycling within this ancient
ecosystem, it is imperative to first determine the total nutrient concentrations within
the geological and paleontological materials. This foundational data will subsequently
facilitate the estimation of nutrient allocation to the biosphere reservoir, thereby providing
insights into the biogeochemical dynamics of the paleoenvironment. This approach enables
a holistic reconstruction of nutrient pathways and their partitioning among different
ecosystem components, offering valuable insights into the functioning of this Cambrian
reef–lagoon system. Such an analysis not only enhances our understanding of ancient
marine ecosystems but also provides a framework for comparing nutrient dynamics across
geological time scales.

In quantifying the nutrient budget preserved within the biosedimentary reservoir, the
initial step involves estimating the total volume of the diverse materials recorded in the
study area. This estimation can be derived from two key parameters: the total areal extent,
which spans 2.24 km2, and the thickness of various materials corresponding to distinct sed-
imentary deposits identified within the Las Ermitas sedimentary record (Figure 10A) [29].
Of the total 1.80 km2 area, approximately 0.26 km2 comprises the reefal core, composed
predominantly of massive calcimicrobial limestone (Figure 10A). This structure constitutes
a distinct biosedimentary unit, characterized by its CaCO3 content. Table 3 presents an
initial estimation of the various lithofacies identified in the study area, delineated by their
respective thicknesses. Notably, the sedimentary sections observed in the Las Ermitas
outcrops do not exceed 20 m in thickness. This observation indicates that the exposed
outcrops have undergone considerable erosional processes and possible tectonic activity,
leading to a substantial decrease in the original thickness of the sedimentary deposits. To
address this limitation and obtain a more comprehensive stratigraphic record, an additional
sedimentary succession, designated as Los Lagares-1, has been incorporated into the study.
This stratigraphic sequence, acquired through subsurface drilling of Cambrian strata by
the Instituto Geológico y Minero de España (Spanish Geological Survey), has been largely
shielded from the erosional processes and tectonic disturbances that have affected surface
exposures. Consequently, it offers a more complete and undisturbed representation of
the original depositional environment. The Los Lagares-1 section, in particular, preserves
over 100 m of Cambrian sedimentary material, providing a comprehensive record that is
analogous to other stratigraphic sections in the region [6].

Los Lagares-1 section is situated in direct proximity to another reef structure, which
exhibits a more extensive lateral development compared to the calcimicrobial limestones
observed at Las Ermitas. This spatial relationship provides compelling evidence for a
more expansive reef–lagoon system in this area. The reef belt associated with this larger
structure extends for at least 2 km along the paleotopographic basement ridge, suggesting
a significant influence of antecedent topography on reef development and distribution.
The most substantial accumulation of calcimicrobial massive limestones is observed at
Las Ermitas hill, where the section attains a thickness of approximately 50 m. While this
considerable thickness potentially represents the complete temporal development of the
reef core, it is crucial to consider the geological evidence of landscape modification in
the area. Recent erosional processes have significantly impacted the upper portions of
the Lower Cambrian strata in this region [174]. Chemostratigraphic data suggest that the
massive reef limestones of Las Ermitas correspond to the uppermost part of the Lower
Cambrian sequence in the area [6]. This stratigraphic position supports the inference that
the observed thickness of approximately 50 m likely represents the majority of the main reef
core, primarily composed of calcimicrobial massive limestones. The significant thickness
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disparity between the Los Lagares-1 section (>100 m) and the calcimicrobial limestones
at Las Ermitas is consistent with the presence of a paleotopographic relief. This ancient
topography appears to have featured a steep gradient descending into a local depocenter,
facilitating the accumulation of thicker sedimentary deposits in the lower-lying areas.

Table 3. Comparative analysis of lithofacies thickness and mineral composition across three strati-
graphic sections in the Las Ermitas area. Data presented include measurements from the Lagares-1
drilled section and two surface exposures (95E5/5 and 95E5/7). Thickness is reported in meters (m)
and as a percentage (%) of total section thickness for each lithofacies. Dashes (-) indicate the absence
of a particular lithofacies in the corresponding section.

Lithofacies
Lagares-1 95E5/5 95E5/7

m % m % m %

Ochre siltstones - - 6.80 40.60 - -
Green siltstones 29.70 28.03 3.10 18.51 3.00 17.96

Green siltstones with conglomerates - - - - 2.70 16.17
Green siltstones with nodulose limestones - - 2.60 15.52 5.10 30.54
Reddish nodulose limestone w siltstones - - 4.00 23.88 0.80 4.79

Phosphoritic limestone - - 0.40 2.39 - -
Nodulose limestone 36.85 34.78 4.75 28.36 1.40 8.38
Massive limestone 39.40 37.19 1.90 11.34 3.70 22.16

Total (m) 105.95 16.75 16.70

Based on these sedimentological observations and interpretations, the quantification
of nutrients sequestered within the biosedimentary materials will consider two distinct
depositional settings. An average thickness of approximately 100 m is assumed for the
lagoon area, while a thickness of 50 m is attributed to the reef core. These estimates
provide a framework for assessing the spatial distribution and volume of nutrient-rich
sediments across the ancient reef–lagoon system. Utilizing these thickness approximations
in conjunction with the areal extent of the deposits, volumetric calculations have been
performed for the Lower Cambrian sedimentary units. The results indicate a total volume
of 1.8·106 m3 for the lagoon deposits, encompassing the Los Lagares-1 location, while the
core reef deposits yield a volume of 1.3·105 m3 (Figure 11A).

The geochemical composition of the Las Ermitas materials was analyzed using Laser
Ablation-Inductively Coupled Plasma/Mass Spectrometry (LA-ICP/MS) (Table 4). This
analysis focused on Fe, P, Si and Al concentrations in various components of the sedimen-
tary record, including steinkern fossils, the carbonatic matrix, and siltstones. In addition,
we analyzed siltstones with nodular limestones, and phosphoritic limestones. The results
shown on different plots (Figures 11B,C and 12), reveal a clear correlation between Fe
and Al concentrations across all the sample types. This correlation suggests a consistent
relationship between these elements in the Las Ermitas depositional environment. To refine
our analysis, extreme values of Al and Fe were identified and removed from the dataset.
This step was taken to eliminate potential outliers that could skew the results and to focus
on the most representative samples.
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Figure 11. The overview and analysis of the sedimentary materials and the geochemical data from
the Las Ermitas area and the Lagares system, integrating the spatial distribution and elemental
composition. (A) An aerial view showing the spatial extent and volumetric estimation of sedimentary
materials within the Las Ermitas and the Lagares areas, covering a total surface area of approximately
1.80 km2. The outlined regions highlight key sedimentary deposits, with 0.31 km2 corresponding to
the Las Ermitas deposits and 0.07 km2 to the Lagares area. (B) A scatter plot showing the correlation
between Al (wt%) and SiO2 (wt%) in core samples from the Los Lagares drilling, indicating a strong
linear relationship (Al = 0.1353 × SiO2 − 0.0216, R2 = 0.97). (C) A scatter plot displaying the relation-
ship between PO4 (wt%) and CaCO3 (wt%) in the Los Lagares core samples, with notable clustering
indicating the carbonate matrix’s association with phosphates. (D) A bar chart summarizing the
LA-ICP-MS results for core samples from the Los Lagares drilling. The compositional distribution is
presented as weight percentages (wt%) for key components, including CaCO3, MgCO3, SiO2, PO4,
Fe, and Al.
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Figure 12. A ternary diagram illustrating the compositional analysis of carbonate and siltstone
matrices from lower Cambrian materials in Los Lagares-1, based on the LA-ICP/MS analysis of
30 sampling points. The plot shows the relative proportions of CaCO3, SiO2, and PO4, reflecting the
composition of these matrices. Most of the data points cluster in the phosphate-dominant region
from a fossil steinkern, suggesting a significant phosphatic component in the analyzed materials.
This distribution provides insights into the varying compositions of carbonate and siltstone matrices
in the sampled lower Cambrian strata.

Table 4. Geochemical composition (wt%) of three distinct lithofacies from Los Lagares-1 materials
as determined by LA-ICP/MS analysis. The table presents average concentrations of major ions
and compounds including Si, P, Fe, Al, and Ca, based on 30 sampling points across the mineral
matrices. Data for calcimicrobial limestone, green siltstone, and phosphatic steinkern illustrate
the compositional variability across different depositional environments within the Los Lagares-1
sequence, providing insights into the diverse geochemical conditions during formation. CaCO3

content is included to highlight the carbonate-rich nature of the calcimicrobial limestone facies.

Element/Ion Calcimicrobial Lmst Green Siltstone Phosphatic Steinkern

CaCO3 96.93 1.01 24.80
SiO2 0.27 69.00 10.10

PO4
3− 0.10 0.21 20.00

Fe3+ 0.14 3.23 0.46
Al3+ 0.02 11.40 1.30
Ca2+ 38.81 0.40 16.27

Following this data refinement, a linear regression analysis was performed allowing
us to determine the average concentrations of Al and Fe in the Las Ermitas materials. In
the siltstone matrix, the analysis yielded average concentrations of 11.40 wt% and 3.23 wt%
for Al and Fe, respectively. On the contrary, both element concentration was lower than
0.15 wt%. These average concentrations are particularly significant as they provide a basis
for estimating the total inventory for those elements sequestered in the sedimentary record
of the lagoonal environment. By considering an average for Al and Fe concentrations
across all sample types—including siltstones, siltstones with nodular limestones, nodular
limestones, massive limestones and phosphoritic limestones—we can simplify calculations
and obtain a comprehensive view of element sequestration in this paleoenvironment.

To quantify the total nutrient and elemental content sequestered within the sedimen-
tary record of the reef–lagoon system, a comprehensive volumetric and compositional
analysis is essential. The system comprises two distinct components: the lagoon deposits,
with a calculated volume of 1.8·106 m3, and the core reef deposits, encompassing 1.3·105 m3.
To accurately assess the elemental sequestration, it is imperative to determine the density of
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each lithofacies present, which necessitates the calculation of average mineral proportions
across the total rock volume.

The estimation for the total concentration of elements and nutrients sequestered
in the reef–lagoon materials of Las Ermitas, a composite lithofacies distribution model
was developed. This model integrates data from three stratigraphic successions: Los
Lagares-1 (105.95 m), 95E5/5 (16.75 m), and 95E5/7 (16.70 m). Given the significant
discrepancy in thickness, Los Lagares-1 was utilized as the primary reference due to
its more comprehensive stratigraphic record. However, to account for the lithological
variability observed across the system, data from the shorter successions were incorporated
to create a more representative model. This integration resulted in a composite distribution
comprising eight distinct lithofacies: nodulose limestone (30%), massive limestone (30%),
green siltstones (25%), green siltstones with nodulose limestones (5%), reddish nodulose
limestone with siltstones (4%), phosphoritic limestone (1%), ochre siltstones (3%), and
conglomerates with green siltstone matrix (2%). The three dominant lithofacies—nodulose
limestone, massive limestone, and green siltstones—collectively account for approximately
85% of the total estimated volume. For the purpose of nutrient and element estimation, we
focused on the non-detrital components of the system. Consequently, the ochre siltstones
and conglomeratic deposits with siltstone matrix, comprising 5% of the total volume, were
excluded from the initial calculations due to their presumed detrital origin.

The composite model was then applied to the total estimated volume of the
reef–lagoon system to calculate the volume of each lithofacies. Subsequently, geochemical
data obtained through LA-ICP/MS analysis (Table 4) were used to estimate the total concen-
tration of elements and nutrients within each lithofacies. This approach allows for a more
nuanced understanding of element and nutrient sequestration across the entire reef–lagoon
system, accounting for lithological variations observed in different stratigraphic succes-
sions. However, it is important to note that this method relies on several assumptions and
extrapolations from limited data points. As such, the resulting estimates should be consid-
ered as indicative rather than definitive, providing a foundation for further investigation
into the geochemical dynamics of the Las Ermitas reef–lagoon system during the Lower
Cambrian period.

Furthermore, based on the XRD diffractograms (Figure S8) and lithofacies analysis
(Table 3), four primary minerals have been identified as the main sequestering agents
for elements in the sedimentary record of the Las Ermitas reef–lagoon system: chamosite
((Fe2+,Mg,Fe3+)5Al(AlSi3O10)(OH)8), calcite (CaCO3), francolite (Ca10(PO4,CO3)6F2–3), and
quartz (SiO2). To quantify the total amount of nutrients and elements sequestered within
the sedimentary rock volume, it is essential to consider both the relative abundances
and densities of these minerals. The relevant mineral densities are as follows [175,176]:
chamosite (3.15 gr·cm−3), calcite (2.71 gr·cm−3), francolite (3.15 gr·cm−3), and quartz
(2.65 gr·cm−3).

Based on the geochemical analysis of the carbonatic matrix (Table 4) and corroborating
X-ray diffraction data (Figure S8), calcite constitutes approximately 97 wt% of the com-
position, with trace amounts of other elements present. Given this high calcite content
and the minor presence of phosphate and pyrite, we propose a slightly adjusted density
of 2.75 gr·cm−3 for these carbonate-dominated lithofacies. This value reflects a modest
increase from pure calcite (2.71 gr·cm−3) due to the incorporation of denser accessory
minerals [29].

Further analysis of the siltstone lithofacies reveals a composition dominated by
chamosite and quartz in approximately equal proportions, with a slight predominance
of quartz (Figure S8B). X-ray diffraction patterns demonstrate a pronounced quartz peak
at 3.35 Å, which surpasses in intensity the primary chamosite peak at 7.10 Å. However,
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the diffractogram exhibits multiple significant chamosite peaks distributed throughout
the pattern, indicative of its substantial presence in the mineral assemblage. Consider-
ing these observations, we might estimate a ratio of approximately 55%–60% quartz to
40%–45% chamosite in this sample. Such a mineral composition would be characteristic
of a quartz-rich chloritic siltstone. This type of siltstone would represent a fine-grained
clastic sedimentary rock with a significant clay mineral component alongside abundant
quartz grains. The presence of both minerals in such proportions suggests a depositional
environment that supplied both terrigenous quartz and iron-rich clay minerals, consistent
with a lagoonal setting where both terrestrial input and marine chemical precipitation
could occur. Given these mineral proportions and their respective densities (quartz at
2.65 g·cm−3 and chamosite averaging 3.15 gr·cm−3), we can estimate the density of this
siltstone to be approximately 2.87 gr·cm−3.

Using the inferred density for each lithofacies, Table 5 presents the total estimated
sequestration of key nutrients and elements within the Las Ermitas Reef–lagoon system
over a 1-million-year period. The calculations consider the volumetric proportions of
distinct lithofacies in both the lagoon and reef core, as well as the distribution of siltstone
versus limestone components. The table provides elemental quantities (SiO2, PO4, Fe,
Al, and CaCO3) in grams, illustrating the varying contributions of each lithofacies to the
overall nutrient budget. Notably, the massive limestone reef core is treated separately due
to its distinct depositional environment, while detrital materials in specific lithofacies are
excluded from nutrient estimations.

Table 5. Estimated total amounts of nutrients and elements sequestered in the Las Ermitas
Reef–lagoon system over a period of 1 million years, based on a lagoon volume of 1.8·1012 cm3

and a reef core volume of 1.3·1011 cm3. Values are presented for each lithofacies, showing their
volumetric percentage and the proportion of siltstone versus limestone components. Quantities of
SiO2, PO4, Fe, Al, and CaCO3 are given in grams. The ‘-d-’ notation indicates detrital materials not
considered in the nutrient estimation. The massive limestone (reef core) is presented separately due
to its distinct depositional environment.

Lithofacies Volume %
Siltstone vs. Limestone Component

SiO2 PO4 Fe Al CaCO3
Siltstone Limestone

Ochre siltstones 3.00 -d- -d- -d- -d- -d- -d- -d-
Green siltstones 25.00 1.00 0.00 1.07·× 1011 3.26·× 108 5.01·× 109 1.77·× 1010 1.55·× 109

Green siltstones
with conglomerates 2.00 -d- -d- -d- -d- -d- -d- -d-

Green siltstones with
nodulose limestones 5.00 0.80 0.20 1.43·× 1011 4.84·× 108 6.76·× 109 2.36·× 1010 4.82·× 1010

Reddish nodulose limestone
with siltstones 4.00 0.90 0.10 1.29·× 1011 4.11·× 108 6.05·× 109 2.12·× 1010 2.11·× 1010

Phosphoritic limestone 1.00 0.00 1.00 1.61·× 107 1.63·× 107 7.19·× 106 1.73·× 106 3.75·× 107

Nodulose limestone 30.00 0.10 0.90 1.40·× 1012 1.66·× 109 6.89·× 109 1.80·× 1010 1.30·× 1012

Massive limestone 30.00 0.00 1.00 4.01·× 109 1.49·× 109 2.08·× 109 2.97·× 108 1.44·× 101

Massive limestone (reef core) 100.00 0.00 1.00 9.65·× 108 3.58·× 108 2.73·× 1010 8.09·× 1010 3.47·× 1011

The decision to use a single average for all these diverse sedimentary components
was made to streamline the estimation process. While this approach may not capture the
nuanced variations between different lithologies, it provides a practical and representative
estimate of the overall Al and Fe content in the Las Ermitas formation. These findings
offer important insights into the geochemical composition of the Las Ermitas formation
and its capacity to sequester elements. The consistent relationship between Fe and Al
across different sample types suggests uniform depositional conditions or similar source
materials throughout the lagoonal environment, which is consistent with a weathering
source (Figure 13A).
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Figure 13. Overview of nutrient reservoirs, geochemical pathways, and organic distribution within
the Las Ermitas system. (A) Schematic representation of the main reservoir composition of key
elements and nutrients, including Fe, Al, PO4, and SiO2, across the Las Ermitas paleoenvironment.
The system is divided into the primary reservoir, lagoon, reef, and fore reef, with associated pH and
compositional gradients. Biogeochemical processes are highlighted, illustrating the interplay between
phototrophs, chemolithotrophs, and heterotrophs in cycling carbon, phosphorus, and iron. Phosphate
deposition (as apatite) and its interactions with microbial communities are detailed. (B) Distribution
of organic carbon in the Las Ermitas system, categorized by lithology shown in Table 5. The total
carbon estimation aligns with values derived from modern reefal systems, as described in the text,
providing a comparative baseline for understanding the productivity and carbon dynamics of the
Las Ermitas paleoenvironment.

The elemental analysis of Las Ermitas materials reveals an enrichment of Fe and Al
within microfossils compared to the limestone matrix (Table 4). This phenomenon aligns
with the role of microfossils as elemental traps in sedimentary environments [99]. The data
indicate that microfossils contain the average concentrations of both Al (1.30 wt%) and
Fe (0.46 wt%), exceeding the levels observed in the carbonatic matrix. This preferential
accumulation can be attributed to several mechanisms. Microfossils, with their intricate
structures and high surface areas, serve as excellent substrates for elemental adsorption and
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incorporation. The process may involve surface adsorption, elemental substitution within
the crystal structure during diagenesis, and the precipitation of secondary minerals within
pore spaces. Furthermore, the association of Fe and Al with phosphates, as suggested
by Crevelling et al. [22], may play a crucial role in this enrichment, given the propensity
of phosphates to co-precipitate or form complexes with these elements. Interestingly,
microscopic examination of the microfossil molds reveals that the phosphatic components
are either intergrown with or succeeded by highly crystalline chamosite and silica-rich
phases. This observation suggests an enrichment of SiO2, Al, and Fe in the mineralizing
fluids that permeated the skeletal structures during fossilization [88,91].

Furthermore, early mineralization of biological remains can enhance their capacity to
incorporate Fe and Al, particularly through the creation of microenvironments conducive
to the precipitation of Fe and Al-bearing minerals during organic matter decomposition
powered by microbial chemoheterotrophic activity [177]. Additionally, the potential for
biological concentration during the lifetime of the organisms that formed these microfossils
cannot be discounted, suggesting that elevated levels of Fe and Al may have been present
prior to fossilization.

The enrichment of Fe and Al in microfossils has significant implications for pale-
oenvironmental reconstruction and geochemical cycling. It may serve as an indicator of
terrigenous input or changes in water chemistry that favored the precipitation of Fe and
Al-bearing phases. Moreover, this phenomenon underscores the role of microfossils as
important sinks for these elements, potentially affecting their availability and distribution
in ancient water columns.

7.3. Weathering Flux and Reef–Lagoon Sequestration Balance

The analysis of element accumulation in lagoon deposits, when compared to the weath-
ering rates of andesitic rocks, provides intriguing insights into the intensity of weathering
processes during the late Neoproterozoic to the early Cambrian period. Our calculations,
based on the assumption of an andesitic continental composition, suggest a remarkably
high rate of weathering during this crucial time in Earth’s history. The data indicate that
to account for the observed elemental accumulations in lagoon deposits over a period
of 1 million years, the weathering rates of the andesitic continent would need to be sig-
nificantly higher than initially assumed (Table 6). On average, the required weathering
rate is 23.22 times greater than the baseline rate for andesitic weathering estimated by
GWB software modeling. This suggests an environment of intense chemical and physical
weathering during the Neoproterozoic-Cambrian transition. Particularly noteworthy is
the extremely high weathering rate required for calcium, at 87.70 kg·yr−1 per kilogram
of andesite, which is nearly four times the average rate for all the elements studied. This
could indicate either an enrichment of calcium in the continental crust of the time, or more
likely, additional sources of calcium from different marine sources, including recycling
from skeletal organisms [140].

Table 6. Comparison of andesite weathering rates and accumulated element amounts in the early
Cambrian lagoon deposits over 1 Ma. The table shows the weathering rates (g·kg−1·yr−1) for key
elements from andesite, their accumulated amounts (g) in the lagoon deposits, and the required
andesite weathering (kg·yr−1) to balance the observed accumulation.

Element/Nutrient Weathering Rate (g·kg−1·yr−1) Accumulated Amount (g) Required Weathering (kg·yr−1)

SiO2 79.90 4.94·1011 6.18
PO4 0.95 4.74·109 5.01
Al 17.74 8.09·1010 4.56
Fe 18.42 2.33·1011 12.65
Ca 14.37 1.26·1012 87.7
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The analysis suggests that continental weathering was intense, likely due to significant
sink mechanisms such as saprolite and laterite formation. However, this interpretation
is based on several assumptions that require further validation. The weathering rate es-
timation methodology employed a simplified approach, utilizing an average andesitic
composition derived from Neoproterozoic and early Cambrian volcanic rocks underlying
carbonate deposits in Spain [141]. This generalized composition may not accurately rep-
resent the specific weathered material under investigation. Furthermore, the weathering
calculations were performed using basic geochemical modeling through GWB, which may
introduce computational inaccuracies. Despite these methodological limitations, the geo-
logical evidence strongly indicates that a substantial proportion of the weathered material
underwent minimal or negligible transportation. This observation supports the hypothesis
of intense in situ weathering, although the precise extent and nature of this weathering
require additional investigation.

This interpretation is corroborated by the presence of extensive and, to a considerable
degree, substantial lateritic and saprolitic units observed in various regions of Gondwana,
affecting the Neoproterozoic to early Cambrian basement rocks [178]. The presence of
these weathering products has been documented in regions that occupied high paleolati-
tudes during the Neoproterozoic-Cambrian transition, providing compelling evidence for
elevated thermal conditions during this crucial period of Earth’s history [179]. Further-
more, saprolitic materials have been identified in association with a paleokarst system that
affects the lower Cambrian carbonate strata correlative with the Pedroche Formation of
Las Ermitas [180]. This geological relationship provides compelling evidence for the re-
gional fractionation of nutrients and other essential elements mobilized through continental
weathering processes.

The spatial and temporal coexistence of saprolite formation and karstification provides
compelling evidence for intense weathering processes occurring contemporaneously with
the development of reefal carbonates [180]. This synchronicity suggests that while the
release of nutrients and other elements was ongoing, their flux in marine environments was
modulated by fractionation mechanisms associated with continental alteration processes.
The juxtaposition of these geological phenomena indicates a complex interplay between
terrestrial weathering and marine sedimentation during this period. The formation of
saprolites, characterized by extensive chemical weathering, likely served as both a source
and a sink for various elements. Concurrently, the development of karstic features in the car-
bonate substrates suggests a dynamic hydrological regime, potentially influencing element
transport and deposition. This geological scenario implies that the geochemical signatures
preserved in the reefal carbonates may not directly reflect the intensity of continental
weathering. Instead, they likely represent a signal that has been filtered through terrestrial
alteration processes, with certain elements preferentially retained in continental settings.

The prevalence of these weathering products indicates that a specific confluence
of climatic and geochemical conditions prevailed during this period. The geochemical
environment was likely characterized by a mildly acidic pH, estimated to be approximately
6, resulting from the partial buffering of meteoric waters, if had an initial pH of ~5.4
in equilibrium with the atmospheric CO2. Concurrently, atmospheric oxygen levels are
hypothesized to have exceeded 20% PAL [3]. This unique combination of factors appears
to have created the optimal conditions for the precipitation and accumulation of various
mineral phases enriched in iron, aluminum, and silica. Moreover, it is plausible that
substantial quantities of phosphorus were also sequestered within these formations. The
preferential concentration of these elements in such weathering profiles can be attributed
to their differential mobility under the prevailing physicochemical conditions, limited by
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the redox and pH [146]. Of particular note is the capacity of these iron- and aluminum-rich
weathering products to effectively sequester phosphate through adsorption processes [181].

While direct evidence is limited, it is plausible that the development of extensive
lateritic profiles during the Neoproterozoic–Cambrian transition significantly influenced
global phosphorus cycling. The high adsorption capacity of iron and aluminum oxides
in these weathering products may have sequestered substantial amounts of phosphate in
continental settings, potentially reducing the flux of this essential nutrient in marine envi-
ronments. The observed concentrations of essential nutrients, specifically iron, aluminum,
and phosphate, within the Las Ermitas reef–lagoon complex can be attributed to two pri-
mary processes: the formation of saprolite and the subsequent fractionation of phosphate.
These interrelated geochemical mechanisms likely played a crucial role in determining the
ultimate distribution and abundance of these elements within the sedimentary system.

Moreover, additional sedimentary sinks likely played a significant role in the seques-
tration of silica, aluminum, iron, and, by extension, phosphate (Figure 13A). These sinks
potentially included lacustrine systems and shallow transitional marine environments.
Compelling evidence for this sequestration process is found in the siltstone deposits at
the upper part of the San Jeronimo and Torrearboles formations [139], which are hete-
rochronous with the Pedroche Formation and, consequently, with the Las Ermitas materials.
These siltstone units exhibit notable enrichment in iron oxides, occasionally manifesting as
thin laminar deposits. Such features strongly indicate elevated rates of ferric oxyhydroxide
production during this period [138]. The presence of these iron-rich deposits is particularly
significant due to the high phosphate adsorption capacity of ferric oxyhydroxides. The
presence of saprolite formation is further corroborated by the alteration rims observed
on boulders and pebbles within the basal conglomeratic units of Las Ermitas (Figure 6A).
These weathering features provide indirect evidence of extensive chemical weathering
processes active during the depositional period.

This temporal ubiquity of iron-rich deposits implies that the geochemical conditions
favorable for ferric oxyhydroxide formation and subsequent phosphate adsorption were
not restricted to a single, brief interval. Rather, they appear to have been a recurring or
continuous feature of the regional paleoenvironment. Consequently, it is reasonable to
postulate that similar iron-rich sedimentary sinks were actively forming in continental
and transitional settings synchronously with the reef development in the Las Ermitas area.
Given a paleoenvironment characterized by laterite and saprolite formation, lacustrine
systems, and continental-to-marine transitions, the significant sequestration of Fe, Al, SiO2,
and PO4 would occur in the form of iron oxides and phyllosilicates (Figure 13A). Despite
the limited transport of weathering products to the lagoonal area represented by the Las
Ermitas sediments, the influx was sufficient to generate deposits significantly enriched in
Fe and PO4. These nutrient-rich sediments subsequently facilitated the development of the
early Cambrian metazoan community in western Gondwana.

Based on the preceding analysis, although a portion of the Fe, Al, SiO2, and PO4

fluxes to the shallow marine environments remains unaccounted for, it is reasonable to
hypothesize that these elemental fluxes were equilibrated through retention in various
reservoirs within the lagoonal system. This retention process ultimately manifested in
the formation of the greenish and carbonate-rich sedimentary deposits observed at Las
Ermitas. However, it is important to note that these deposits likely do not represent the
total influx of material to the reef–lagoon area. A significant fraction may have bypassed
the area or been lost due to partial recycling within the biological community, as well as
through diagenetic processes and differential preservation.

The fluxes of iron, PO4, SiO2, and Al reported for the Las Ermitas Cambrian reef
and lagoon system were derived using a standardized approach to estimate input rates
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over geological time (Table 7). These calculations are based on the total amount of each
element or nutrient measured in the Cambrian materials of both the reef and lagoon
environments. To convert these total amounts into annual fluxes, we assumed a deposition
time of 1 million years (Ma) for the entire sequence, which is a conservative estimate based
on regional stratigraphic correlations and available geochronological data. The total amount
of each element was divided by this 1 Ma timeframe to obtain a flux in grams per year
(gr·yr−1). To standardize these fluxes for comparison with other geological settings and
modern environments, we further divided the annual rates by the estimated average
surface area of the reef and lagoon deposits, respectively. This step converted the fluxes
into units of grams per square centimeter per year (gr·cm−2·yr−1). It is important to note
that this approach assumes a relatively constant deposition rate over the 1 Ma period and
uniform distribution across the depositional area. While this method provides a useful
approximation of elemental fluxes, it may smooth out short-term variations in input rates
and local heterogeneities in deposition. Therefore, these flux values should be interpreted
as long-term averages that offer insights into the overall nutrient and elemental dynamics
of the Early Cambrian Las Ermitas reef–lagoon system, rather than precise measurements
of short-term or localized input rates.

Table 7. Comparison of phosphate (PO4) and iron (Fe) data from Las Ermitas lower Cambrian
deposits with other geological deposits, ranging from Eoarchean to modern times. The table presents
both the flux data (in gr·cm−2·yr−1) and the concentration data (in weight percent, wt%). The flux
data are presented in the upper portion of the table, while the concentration data are shown in the
lower portion. The Las Ermitas data (this study) include both the flux measurements for the reef core
and lagoon environments and the concentration measurements for specific lithologies. Comparative
flux data are provided for various modern environments and ancient deposits. The concentration data
span the geological record from Archean to modern times. This comprehensive presentation allows
for the direct comparison of the PO4 and the Fe distribution across diverse depositional environments
and geological times, highlighting the unique characteristics of lower Cambrian phosphatic deposits
in the context of Earth’s long-term phosphorus cycle evolution. Dashes (-) indicate that the data are
not available or not reported in the referenced study.

Environment Age PO4 (gr·cm−2·yr−1) Fe (gr·cm−2·yr−1) PO4 (wt%) Fe (wt%) Reference

Las Ermitas reef core Lower Cambrian 1.38·10−7 1.93·10−7 - - This study
Las Ermitas lagoon Lower Cambrian 3.08·10−7 1.51·10−5 - - This study

Atoll reef flat Modern 9.2·10−6 - - - Charpy [182]
Atoll lagoon Modern 2.45·10−4 - - - Charpy [182]

Global ocean average fluxes Prehuman 5.54·10−7–8.31·10−7 - - - Filippelli [81]
Erosion/weathering–soils Modern 3.79·10−7 - - - Ruttenberg [183]

Soil–surface ocean (river dissolved) Modern 1.88·10−8–3.41·10−8 - - - Ruttenberg [183]
Soil–surface ocean (particulate) Modern 3.47·10−7–3.82·10−7 - - - Ruttenberg [183]

Surface ocean–oceanic biota Modern 1.14·10−5–2.06·10−5 - - - Ruttenberg [183]
Deep sea–surface ocean (upwelling) Modern 1.0·10−5–1.0·10−6 Filippelli [81,183]

Continental margin Modern - 1.68·10−6 - - Dale et al. [184]
Continental shelf Modern - 1.49·10−5 - - Dale et al. [184]

Deep sea Modern - 9.30·10−8 - - Dale et al. [184]
Global average Modern - 1.69·10−6 - - Dale et al. [184]

Las Ermitas calcimicrobial limestone Lower Cambrian - - 0.1 0.14 This study
Las Ermitas green siltstone Lower Cambrian - - 0.21 3.23 This study

Las Ermitas phosphatic steinkern Lower Cambrian - - 20.00 0.46 This study
Thorntonia limestone Lower Cambrian - - ~0–11.96 0.06–1.49 Creveling et al. [22]

Arthur Creek Formation Lower–Middle Cambrian - - 0.06–1.23 0.32–2.71 Creveling et al. [22]
Meishucun Formation Lower Cambrian 13.38–47.75 - Xin et al. [185]

La Paz Formation Neoproterozoic - - 0.013–0.18 3.09–7.54 Naipauer et al. [186]
El Desecho Formation Early Cambrian - - 0.08–0.13 1.14–5.63 Naipauer et al. [186]
Florida phosphorites Miocene - - 10–30 0.2–2.0 Föllmi [37]

When interpreting phosphorus and iron concentrations and fluxes in the Las Ermitas
Lower Cambrian materials, it is important to acknowledge potential biases that may affect
our understanding of the paleoenvironmental conditions. Diagenetic processes, selective
preservation, and analytical limitations can all influence the measured values. Additionally,
the heterogeneous nature of reef–lagoon systems may result in spatial variability that is not
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fully captured in our sampling. These factors could lead to the over- or underestimation of
nutrient availability and redox conditions in the ancient environment. Therefore, while the
following discussion provides valuable insights into the Las Ermitas reef–lagoon system,
the interpretations should be considered with these potential biases in mind. Despite these
limitations, the comparison of these preserved signals with data from other geological and
modern environments can still provide valuable insights into the relative nutrient status
and depositional conditions of the Las Ermitas system.

The PO4 and Fe fluxes and concentrations in the Las Ermitas Lower Cambrian
reef–lagoon system reveal interesting patterns that provide insights into nutrient dynam-
ics and environmental conditions during this early stage of metazoan reef development
(Table 7). In the reef core, the PO4 flux (1.38·10−7 gr·cm−2·yr−1) is lower than in the la-
goon (3.08·10−7 gr·cm−2·yr−1), suggesting a gradient in phosphorus availability across the
reef–lagoon system. This pattern is consistent with modern atoll systems, where lagoons
typically show higher nutrient concentrations compared to reef flats. However, the mag-
nitude of this difference is much smaller in the Las Ermitas system compared to modern
analogues, where lagoon fluxes can be orders of magnitude higher than reef flats (e.g.,
2.45·10−4 vs. 9.2·10−6 gr·cm−2·yr−1 in modern atolls [182]). Furthermore, the PO4 fluxes
in the Las Ermitas system are comparable to the global ocean average fluxes in pre-human
conditions (5.54·10−7 to 8.31·10−7 gr·cm−2·yr−1) [81] and modern erosion/weathering of
soil fluxes (3.79·10−7 gr·cm−2·yr−1) [187]. This suggests that the Las Ermitas reef–lagoon
system operated under nutrient conditions similar to the average global oceanic values,
rather than experiencing extreme nutrient enrichment or depletion. The relatively modest
PO4 fluxes may indicate a balance between the nutrient input from terrestrial sources and
the biological uptake within the reef ecosystem. Interestingly, the Las Ermitas lagoon flux
is remarkably similar to Ruttenberg’s estimate [183] for particulate phosphorus flux from
soil to surface ocean (3.47·10−7 to 3.82·10−7 gr·cm−2·yr−1). This similarity suggests that
the primary mode of phosphorus input to the Las Ermitas lagoon may have been through
particulate transport, possibly indicating significant terrigenous input during the Early
Cambrian. The reef core flux, while lower, is still within an order of magnitude of this
particulate flux, suggesting a gradient of terrestrial influence across the reef–lagoon system.

Both the Las Ermitas reef and lagoon fluxes are significantly higher than the dissolved phos-
phorus input from soil to surface ocean via rivers (1.88·10−8 to 3.41·10−8 gr·cm−2·yr−1) [183].
This difference could indicate that particulate phosphorus transport was more important than
dissolved transport in the Las Ermitas system, or that additional sources of phosphorus, such
as upwelling or in situ recycling, were contributing to the overall phosphorus budget. The
Las Ermitas fluxes are also comparable to the estimate for erosion/weathering to soils
(3.79·10−7 gr·cm−2·yr−1), particularly in the lagoon environment [183]. This similarity
could suggest that the rate of phosphorus delivery to the Las Ermitas system was broadly
consistent with the rate of phosphorus release from continental weathering, implying a
relatively efficient transfer of phosphorus from land to the marine environment during
the early Cambrian. However, both the reef and lagoon fluxes in Las Ermitas are consider-
ably lower than estimations for phosphorus flux from the surface ocean to oceanic biota
(1.14·10−5 to 2.06·10−5 gr·cm−2·yr−1) [183]. This difference could indicate lower overall
biological productivity in the Las Ermitas system compared to modern oceans, or it might
suggest that phosphorus was more efficiently recycled within the water column in this
early Cambrian environment, requiring lower overall input fluxes to sustain productivity.

The Fe fluxes show a more pronounced difference between the reef core
(1.93·10−7 gr·cm−2·yr−1) and the lagoon (1.51·10−5 gr·cm−2·yr−1), with the lagoon ex-
periencing a significantly higher iron input (Table 7). This pattern could reflect a
greater terrigenous input into the lagoon or differences in redox conditions between
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the two environments, leading to the formation of the green phyllosilicates found in
Las Ermitas. The lagoon Fe flux is comparable to modern continental margin values
(1.68·10−6 gr·cm−2·yr−1) [184], suggesting active iron cycling in this part of the system.

The iron fluxes observed in the Las Ermitas lower Cambrian reef–lagoon system pro-
vide an interesting contrast to the global estimates derived by Dale et al. [184] (Table 7). Las
Ermitas reef core shows an Fe flux of 1.93·10−7 gr·cm−2·yr−1, while the lagoon exhibits a
much higher flux of 1.51·10−5 gr·cm−2·yr−1. This pattern could reflect greater terrigenous
input into the lagoon or differences in the redox conditions between the two environments,
leading to the formation of the green phyllosilicates found in Las Ermitas. The lower
Fe flux in the reef core might indicate more stable, oxic conditions favoring carbonate
precipitation and reef growth. Comparing these to Dale’s estimates [184], we find that
the Las Ermitas lagoon flux is remarkably similar to the average continental shelf flux
(1.49·10−5 gr·cm−2·yr−1) [184]. This suggests that the Las Ermitas lagoon may have ex-
perienced iron input processes similar to modern continental shelves. In contrast, the
Las Ermitas reef core flux is an order of magnitude lower than Dale’s deep sea estimate
(9.30·10−8 gr·cm−2·yr−1) and two orders of magnitude lower than the global average
(1.69·10−6 gr·cm−2·yr−1) [184].

The observed difference in the phosphate concentrations between Las Ermitas Cam-
brian lagoon and the reef core areas is consistent with the patterns observed in modern
reef systems, albeit at much lower absolute values. In contemporary reef environments,
lagoonal areas typically exhibit higher phosphate concentrations compared to core reef
areas. For instance, phosphate levels of 0.1–0.5 µM have been reported in the lagoonal
waters of the Great Barrier Reef, compared to 0.05–0.2 µM in reef flat waters [188]. Simi-
larly, phosphate concentrations of 0.2–0.5 µM have been found in French Polynesian atoll
lagoons, higher than the surrounding ocean waters (0.1–0.2 µM) [189]. A comparable trend
has been observed in the Red Sea, with reef lagoons showing phosphate concentrations
of 0.1–0.3 µM, versus 0.05–0.1 µM in fore-reef areas [190]. These findings corroborate
the data reported by Charpy [182], as shown in Table 7, where modern atoll lagoons ex-
hibit significantly higher phosphate concentrations (2.45·10−4 gr·cm−2·yr−1) compared
to atoll reef flats (9.2·10−6 gr·cm−2·yr−1).These differences are attributed to factors such
as restricted water circulation in lagoons, higher biomass supporting increased nutrient
cycling, sediment-water interactions, and potentially greater terrestrial inputs in lagoonal
environments [189,191]. The preservation of this pattern in the Las Ermitas system, despite
the much lower absolute concentrations due to diagenetic losses, suggests that similar eco-
logical and environmental dynamics may have been at play in Cambrian reef systems. This
underscores the potential for significant biological phosphate cycling in early Cambrian
reefs and highlights the importance of considering both modern analogs and taphonomic
factors when interpreting nutrient dynamics in ancient marine ecosystems.

Examining the weight percentages of PO4 and Fe in different facies of the Las Ermitas
system (Table 7) provides further insights into nutrient distribution and sedimentary
processes. The calcimicrobial limestone shows low concentrations of both PO4 (0.1 wt%)
and Fe (0.14 wt%), consistent with its origin as a primary carbonate deposit in a relatively
nutrient-poor, oxic environment. In contrast, the green siltstone facies exhibits a higher Fe
content (3.23 wt%) but still has low PO4 (0.21 wt%), suggesting an increased continental
input without significant phosphorus enrichment.

The phosphatic steinkern facies stands out with its extremely high PO4 concentration
(20 wt%), comparable to the Meishucunian phosphorites (13.38–47.75 wt%) and some
Permian and Miocene phosphorite deposits (15 to 35 wt%) [37,185] (Table 7). This lo-
calized phosphorus enrichment likely represents episodes of enhanced phosphogenesis,
possibly driven by changes in the redox conditions that promoted phosphorus concen-



Minerals 2025, 15, 203 43 of 68

tration and preservation. However, the relatively low Fe content (0.46 wt%) in this facies
suggests that iron cycling was not closely coupled to phosphorus enrichment in these
specific environments. In contrast, the Neoproterozoic La Paz Formation [186] shows
much lower PO4 concentrations ranging from 0.013% to 0.18%, but higher Fe contents
of 3.09%–7.54% (Table 7). Similarly, the early Cambrian El Desecho Formation has PO4

levels of 0.08%–0.13% and Fe concentrations of 1.14%–5.63% [186]. These comparisons
highlight the exceptional phosphate enrichment in the Las Ermitas phosphatic steinkern,
which contains PO4 concentrations of two orders of magnitude higher than those observed
in the Caucete Group formations. The Fe concentrations, however, are generally higher
in the Caucete Group formations compared to Las Ermitas, except for the Las Ermitas
green siltstone, which shows comparable Fe levels (Table 7). Such differences support the
hypothesis of a higher supply of Fe and PO4, along with Al and SiO2, into the Las Ermitas
lagoonal area. This enhanced input, coupled with local and periodical changes in the redox
conditions, likely favored Fe enrichment in the form of greenish phyllosilicates and a PO4

concentration within biological structures of various sizes [22,37].
In conclusion, the PO4 and Fe flux and concentration data from the Las Ermitas lower

Cambrian reef–lagoon system reveal a complex nutrient landscape. The system appears
to have operated under generally moderate nutrient conditions, with spatial variability
between the reef core and lagoon environments. Episodic events of intense phospho-
genesis, recorded as distinct phosphoritic levels (Figures 6 and 7), produced localized
phosphate-rich deposits in the Las Ermitas sequence. These phosphogenic episodes reflect
the enhanced weathering occurring at the end of the Neoproterozoic and early Cambrian,
driven by a strong greenhouse episode. This intensified weathering led to an increased
phosphate and iron supply to marine environments. The biological community in the Las
Ermitas lagoonal area likely exploited this nutrient influx, enhancing and accelerating nu-
trient cycling. This biologically-mediated process probably significantly amplified the PO4

accumulation in the lagoon, mirroring observations in modern lagoonal systems. The inter-
play between the increased nutrient availability and the biological activity thus created a
positive feedback loop, further concentrating phosphate in the local environment. However,
much of the PO4 that was uptaken, accumulated, and recycled by the biological community
was subsequently lost through various post-sedimentary and diagenetic processes, leaving
behind only a fraction of the originally concentrated phosphate in the preserved sedimen-
tary record. This dynamic interaction between the enhanced weathering, increased nutrient
availability, and biological activity highlights the complex nature of nutrient cycling in this
early metazoan reef ecosystem, showcasing how global climate changes can influence local
depositional environments and early marine ecosystems. Potential episodic upwelling
events might have contributed to its productivity and biodiversity. While upwelling could
have enhanced phosphogenesis, the reefal barrier likely moderated its impact on the la-
goon. Consequently, the phosphate production in Las Ermitas appears to have resulted
from a combination of processes: periodic terrestrial sediment influx; intervals of reduced
sedimentation, promoting phosphate formation within sediments through iron reduction;
and occasional erosive events mobilizing and redepositing phosphatic particles, primarily
as steinkerns. This dynamic system suggests a delicate balance between external inputs and
internal biogeochemical processes. The alternating phases of sediment influx, quiescence,
and erosion created conditions conducive to phosphate accumulation and preservation.

The correlation of silicon, aluminum, and iron in the Las Ermitas geochemical data re-
veals a complex interplay of terrigenous input, weathering pulses, and diagenetic processes
in the reef–lagoon system. This tri-elemental relationship suggests varying intensities and
sources of continental weathering, with Fe often indicating the input of iron-bearing clay
minerals or oxides/hydroxides [192]. The synchronous increases in these elements likely
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represent the episodic intensification of weathering on the adjacent landmass, driven by
climatic fluctuations, tectonic activity, or sea-level changes. However, a more nuanced
interpretation emerges when considering the mineralogical composition, particularly the
presence of chamosite in the lagoon deposits (Figure 13A). While some Si, Al, and Fe
undoubtedly represent a direct terrigenous input, a significant portion likely reflects in
situ mineral formation. Chamosite typically forms in shallow marine settings through the
interaction of iron-rich pore waters with clay minerals under reducing conditions [193].
The lagoon’s restricted circulation could have created localized reducing environments
conducive to iron reduction and chamosite formation, while maintaining overall oxic con-
ditions in the water column. This scenario is supported by the estimated composition of
55% quartz and 45% chamosite in the greenish deposits, indicating both a detrital input
and diagenetic mineral formation. The varying intensities of Si-Al-Fe correlations may thus
reflect fluctuations in both the terrigenous input and the diagenetic processes, influenced
by changes in lagoon circulation, organic matter flux, and climate-driven variations in
weathering patterns [194,195]. These processes would have significantly impacted the reef–
lagoon ecosystem, affecting the primary productivity, carbonate precipitation, and benthic
community dynamics. The observed variability in PO4 and Fe fluxes between the reef
core and the lagoon further supports this dynamic interplay of terrestrial inputs, marine
processes, and localized diagenetic conditions in shaping the Early Cambrian Las Ermitas
ecosystem. This interpretation underscores the importance of considering both primary
depositional and secondary diagenetic processes in reconstructing the paleoenvironmental
conditions of ancient reef–lagoon systems, while acknowledging the potential for complex
redox gradients within these environments.

To complete the assessment of the main biogeochemical fluxes of PO4 and Fe, it is
essential to determine the total organic carbon (Corg) content in both the calcimicrobial
limestones and the greenish deposits (Figure 13B; Table 8). The analysis of the Corg in the
carbonates and the siltstones yielded averages of 0.14 and 0.40 wt%, respectively. In the Las
Emitas sedimentary record, Fe and S appear as major and secondary elements, suggesting
that microbial chemoheterotrophs likely promoted the formation of two Fe(II)-bearing
mineral phases like chamosite and pyrite (Table 8). Given this context, it may be possible
to estimate the loss of organic material through microbial degradation using Fe(III) as
an electron acceptor [177]. In addition to iron reduction, another process involving the
degradation of organic matter uses SO4

2− as an electron acceptor [196], leading to the
formation of pyrite when the resulting sulfide combines with Fe2+. The pyrite content
(wt%) in the calcimicrobial limestones and the greenish siltstones are 0.070 and 0.041,
respectively. The main reactions describing these degradation processes, which represent
metabolic pathways for organic matter oxidation, are as follows (Figure 13B) [177,196]:

CH2O + 4·Fe(OH)3 + 8·H+ → CO2 + 4·Fe2+ + 11·H2O (1)

(Fe3+ as electron acceptor)

2·CH2O + SO4
2− → 2·HCO3

− + H2S (2)

(SO4
2− as electron acceptor)
where CH2O represents a simplified form of organic matter.
Furthermore, the sulfide produced in the second reaction can then react with Fe2+ to

form pyrite [197]:
Fe2+ + 2·H2S → FeS2 (pyrite) + 2·H+ (3)
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It is important to note that reaction (3) is a simplified representation of a more complex
process. In reality, pyrite formation involves a series of intermediate steps and various sul-
fide compounds produced through microbial activity. Pyrite represents the end-member in
this sulfide mineralization process, which encompasses multiple biogeochemical reactions
and transformations [198].

To determine the amount of organic carbon oxidized to CO2, we utilized the balanced
reaction Equation (1) showing that for every mole of organic carbon (CH2O) oxidized, four
moles of ferric iron [Fe(OH)3] are reduced. Given the total mass of ferric iron as 2.12·1010 g,
we first calculated the number of moles of Fe(OH)3 by dividing this mass by its molar
mass (106.85 g/mol), yielding 1.98·108 moles. Since the stoichiometric ratio of Fe(OH)3

to CH2O is 4:1, we divided the moles of Fe(OH)3 by four to obtain the moles of CH2O
oxidized (4.95·107 moles). Finally, multiplying this by the molar mass of carbon (12 g/mol)
gave us the total mass of carbon oxidized: 5.94·108 g or approximately 594 metric tons.
This calculation provides an estimate of the organic carbon oxidized to CO2 through iron
reduction in the system, based on the given amount of ferric iron.

Alternatively, an estimation of the total Corg consumed through reaction (2) can be
made by assuming that the total sulfide content originates from the oxidation of seawater
SO4

2−, with organic compounds serving as the energy source. The total weight of the
main calcimicrobial limestones is 4.11·1012 g, while the siltstones weigh approximately
1.97·1012 g. Based on these weights, the total sulfur content was estimated to be 2.88·1011 g
in the limestones and 8.06·1010 g in the siltstones (Figure 13B; Table 8).

For the sulfate reduction, reaction (2) was utilized, along with the sulfur content in
the sedimentary rocks. The calcimicrobial limestones and siltstones contain 1.26·1011 g
and 8.06·1010 g of sulfur, respectively. Based on the stoichiometry of the sulfate reduction
reaction, it was estimated that 9.44·1010 g of carbon were oxidized in the limestones and
6.03·1010 g in the siltstones, totaling approximately 155,000 metric tons of Corg consumed
through sulfate reduction.

To estimate the remaining organic carbon in the materials, we used the measured
Corg contents of 0.14 wt% in the calcimicrobial limestones and 0.40 wt% in the siltstones.
Given the total mass of limestones (1.84·1012 g) and siltstones (1.97·1012 g), the total Corg

is approximately 2.58·109 g (0.14% of 4.11·1012 g), while for the siltstones, it is around
7.88·109 g (0.40% of 1.97·1012 g).

Table 8. The inventory of organic carbon (Corg) in the lower Cambrian reef–lagoon system. Values
are presented in grams for different lithologies and metabolic pathways. Corg(Fe3+) represents
organic carbon oxidized through iron reduction, Corg(SO4

2−) through sulfate reduction, as described
in reactions (1) and (2). Corg is the remaining organic carbon analyzed from samples, and Total
Corg is the sum of these carbon sources, which represented the estimated organic carbon from
the geochemical composition of the Las Ermitas materials. The estimated C lost column shows
the calculated amount of organic carbon lost due to biological and geological processes, based on
comparisons with modern microbial and lagoon productivity rates [188,199]. Furthermore, the C total
accounts for the estimated total amount of organic carbon supplied to the Las Ermitas reef–lagoon
system. Calcimicrobial limestones represent the reef environment and calcimicrobial patches in the
lagoon, while greenish siltstones represent the lagoonal environment. The table includes a total
budget row summarizing the carbon distribution and loss across the entire system. The table shows
the distribution of organic carbon across calcimicrobial limestones and greenish siltstones, as well as
the total budget for the system. Las Ermitas system organic C distribution is also shown in Figure 13B.

Main Lithology Corg(Fe3+) Corg(SO42−) Corg Total Corg Cbio Lost Total C

Calcimicrobial limestones 7.21·107 9.44·1010 2.58·109 9.71·1010 5.18·1011 5.20·1014

Greenish siltstones 5.22·108 6.03·1010 7.88·109 6.87·1010 9.72·1011 9.72·1014

Total budget 5.94·108 1.55·1011 1.36·1011 1.66·1011 1.49·1012 1.50·1015
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The total organic carbon loss in the lower Cambrian reef–lagoon system was estimated
by comparing preserved organic carbon with expected productivity based on modern
analogues. In Las Ermitas area, the calcimicrobial reef core (2.60·105 m2) was assigned
a productivity rate of 2.00·103 C g·m−2·year−1, typical of highly productive cyanobac-
terial mats [200], while the lagoon (1.80·106 m2) was assigned 5.40·102 C g· m−2·year−1,
based on measurements from modern reef lagoons [201]. The total expected productivity
was calculated as 1.49·109 C g·yr−1. Comparing this to the preserved organic carbon of
6.60·105 C g·year−1, it was estimated that approximately 1.49·109 C g·yr−1 or 1.49·103 met-
ric tons of carbon per year were lost to biological and geological processes. This suggests
that about 99.96% of the expected organic carbon production has been lost over geological
time, with only about 0.012% being preserved or detectable in the ancient system.

The organic carbon budget analysis reveals significant degradation and loss patterns
across the lower Cambrian reef–lagoon system. In the calcimicrobial reef core, the total
carbon produced over 1 Ma was 5.20·1014 g of C, of which only 9.71·1010 g C (0.02%) was
accounted for through preserved organic carbon and known degradation pathways. The
dominant degradation pathway in the reef environment was sulfate reduction, accounting
for 9.44·1010 g of C, while iron reduction played a minimal role with 7.21·107 g of C. Only
2.58·109 g of C was preserved as organic carbon in the limestone facies.

The lagoon environment, represented by greenish siltstones, exhibited even higher
productivity, with 9.72·1014 g C produced over the same period. Of this total, 6.87·1010 g of
C (0.01%) was accounted for through preservation and measured degradation pathways.
Similar to the reef environment, sulfate reduction was the primary degradation pathway
in the lagoon, processing 6.03·1010 g of C, while iron reduction accounted for 5.22·108 g C.
The preserved organic carbon in the siltstones amounted to 7.88·109 g of C.

The total system budget demonstrates that from the 1.49·1015 g of C produced over
1 Ma, only 1.66·1011 g of C (0.01%) can be accounted for through the preserved organic
carbon (1.05·1010 g C) and the measured degradation pathways (SO4

2−: 1.55·1011 g C;
Fe3+: 5.94·108 g C). This indicates that approximately 99.99% of the originally produced
organic carbon was lost through other degradation pathways or processes not captured in
the preserved rock record. The dominance of sulfate reduction over iron reduction in both
environments suggests that the anaerobic degradation of organic matter was primarily
driven by sulfate-reducing bacteria, although this represents only a small fraction of the
total organic carbon loss.

The estimated loss of 99.98% of the organic carbon in the lower Cambrian reef–lagoon
system, while strikingly high, aligns with the broader understanding of long-term organic
carbon preservation in ancient marine sediments. Typically, less than 1% of the primary
production in marine environments is preserved in sediments, with preservation rates
often being as low as 0.1% [202]. For early Phanerozoic sediments, even lower preservation
rates are suggested due to extended periods of diagenesis and other loss processes [203].
Studies on Cambrian-aged sediments have often reported organic carbon burial efficiencies
often below 1% [204]. The extremely low preservation rate calculated in this study (about
0.014%) falls within the expected range for sediments of this age, considering multiple
cycles of potential remineralization and diagenesis. While the specific figure of 99.98% loss
is not directly documented in other references, it is consistent with the general paradigm of
organic carbon preservation in ancient marine sediments [202,203,205]. It is important to
note that this calculation, based on comparing preserved carbon to modern productivity
rates, introduces some uncertainty. Nevertheless, the overall conclusion of very low preser-
vation is well-supported by the literature on long-term carbon cycling and preservation in
ancient sediments, underscoring the significance of these findings in contributing to our
understanding of early Phanerozoic carbon dynamics.
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7.4. Nutrient Flux and Paleoproductivity in the Early Cambrian Reef–Lagoon System of
Las Ermitas

Once the total carbon production in the lower Cambrian Las Ermitas reef–lagoon
system is estimated, the relationship between nutrient fluxes and paleoecosystem pro-
ductivity can be assessed using specific biogeochemical correlations. These correlations
are derived from the carbon-to-phosphorus Redfield ratio (Table 9) observed in modern
primary producers, and they can also be extended to include iron [206–208]. As a vital
nutrient, iron plays a key role in photosynthesis, nitrogen fixation, and other essential
biochemical processes, as discussed in detail in previous sections.

In the lower Cambrian Ermitas reef–lagoon system, phosphate uptake likely occurred
through various mechanisms, driven by a diverse community of primary producers. The
dominant photosynthetic organisms, including eukaryotic microalgae (such as prasino-
phytes), cyanobacteria, Chlorophyta, and Rhodophyta, would have been the principal
consumers of dissolved inorganic phosphate (DIP), utilizing active transport systems
across their cell membranes [66,209]. These producers, particularly Chlorophyta and
Rhodophyta, may have also possessed mechanisms to utilize DOP compounds, especially
in phosphate-limited conditions [210]. Rhodophyta, notably, have been shown to have
high-affinity phosphate uptake systems allowing them to thrive in low-phosphate envi-
ronments [211]. Some species of both Chlorophyta and Rhodophyta can produce alkaline
phosphatases, enabling them to hydrolyze organic phosphorus compounds and access the
resulting inorganic phosphate [212]. Microbial mats, significant components of Cambrian
reef ecosystems, likely played a crucial role in phosphate cycling, potentially accessing
both dissolved and particulate forms of phosphorus through enzymatic processes [213].
The archaeocyathids, being phylogenetically related to sponges, may have had some capac-
ity for direct phosphate uptake from seawater, although their primary mode of nutrient
acquisition was likely through filter feeding [214]. The overall dynamics of phosphate
uptake in this ancient ecosystem were presumably influenced by the specific composition
of the biological community, the prevailing ocean chemistry, and the spatial distribution of
phosphate within the reef–lagoon complex. While the fundamental mechanisms of phos-
phate uptake may have been similar to those observed in modern marine ecosystems, the
efficiency and specific pathways might have differed due to the unique evolutionary stage
of early Cambrian organisms [215]. Despite limited direct evidence from Cambrian fossils,
we can infer from the evolutionary conservation of these traits that early producers likely
possessed at least basic versions of these phosphate acquisition strategies, contributing
significantly to the phosphorus cycling in this ancient reef–lagoon ecosystem [216].

In the lower Cambrian Las Ermitas reef–lagoon system, iron uptake likely occurred
through various mechanisms, driven by the diverse community of primary producers
and microorganisms. The dominant photosynthetic organisms, including eukaryotic mi-
croalgae, cyanobacteria, Chlorophyta, and Rhodophyta, would have primarily relied on
dissolved ferrous iron (Fe2+) for their iron requirements, utilizing specific membrane-bound
transport systems [1,2]. However, given the potential for the rapid oxidation of Fe2+ to Fe3+

in oxic environments, these organisms may have developed strategies to access the less
bioavailable ferric iron (Fe3+) [3]. Some producers, particularly cyanobacteria, might have
produced siderophores —high-affinity iron-chelating compounds— to scavenge Fe3+ from
the environment [4]. Microbial mats, significant components of Cambrian reef ecosystems,
likely played a crucial role in iron cycling, potentially influencing the local redox conditions
and iron speciation [5]. The archaeocyathids, being phylogenetically related to sponges,
may have had some capacity for direct iron uptake from seawater, although their primary
mode of nutrient acquisition was likely through filter feeding [6]. The overall dynam-
ics of iron uptake in this ancient ecosystem were presumably influenced by the specific
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composition of the biological community, the prevailing ocean chemistry, and the spatial
distribution of iron within the reef–lagoon complex. While the fundamental mechanisms
of iron uptake may have been similar to those observed in modern marine ecosystems,
the efficiency and specific pathways might have differed due to the unique evolutionary
stage of early Cambrian organisms and the potentially different ocean chemistry [7]. De-
spite limited direct evidence from Cambrian fossils, we can infer from the evolutionary
conservation of iron uptake mechanisms that early producers likely possessed at least basic
versions of these iron acquisition strategies, contributing significantly to the iron cycling in
this ancient reef–lagoon ecosystem [8].

Table 9. The carbon and phosphorus mass balance analysis in the lower Cambrian Las Ermitas section.
The table shows the distribution of carbon and phosphorus (in grams) across different environments
and degradation metabolic pathways. Theoretical community values represent the expected C:P
ratios, based on the Redfield ratio of 106:16:1, corresponding with 41.11:1 by mass. Carbon and
phosphorus mass ratios in the Las Ermitas Cambrian deposits. Community values1,2 represent
theoretical Redfield ratios scaled to total deposit volumes using lagoonal [201] and reefal [200] settings.
Ratios for siltstones and limestones3,4 include total measured concentrations plus estimated organic
carbon contributed from metabolic degradation through Fe3+ and SO4

2− reduction pathways5,6. The
preserved organic matter in both siltstones and calcimicrobial limestones is compared with carbon
processed through sulfate (SO4

2−)7,8 and ferric iron (Fe3+)9,10 reduction pathways. Deviations from
the Redfield ratio are indicated in the “gC/gP ratio-41.11” column, with negative values indicating
phosphorus excess and positive values indicating carbon excess.

Area/Lithology gC gP gC/gP Ratio gC/gP ratio-41.11 C vs. P Balance

Lagoon community1 9.72·1014 2.36·1013 41.11 - Balanced
Reef community2 5.20·1014 1.26·1013 41.11 - Balanced

C and P in siltstones3 7.88·109 9.46·108 8.33 −32.78 P excess
C and P in calcimicrobial limestones4 2.58·109 6.00·108 4.30 −36.81 P excess

C and P in siltstone total5 6.87·1010 9.46·108 72.62 31.51 C excess
C and P in calcimicrobial limestones total6 9.71·1010 6.00·108 161.83 120.72 C excess

Corg(SO4
2−) siltstones7 6.03·1010 9.46·108 63.74 22.63 C excess

Corg(SO4
2−) calcimicrobial limestones8 9.44·1010 6.00·108 157.33 116.22 C excess

Corg(Fe3+) siltstones9 5.22·108 9.46·108 0.55 −40.56 P excess
Corg(Fe3+) calcimicrobial limestones10 7.21·107 6.00·108 0.12 −40.99 P excess

General stoichiometric equations can provide valuable insights into biogeochemical
fluxes and biomass production in marine environments, particularly when accounting for
nutrient inputs such as the release of phosphate and iron through andesite weathering
from continental sources. These equations offer a simplistic framework for understanding
the complex relationships between nutrient availability, primary production, and elemental
cycling in aquatic ecosystems [217].

The stoichiometry of marine primary producers plays a crucial role in understanding
nutrient cycling and ecosystem dynamics in aquatic environments. Two key groups of
producers, phytoplankton and multicellular algae, exhibit distinct elemental compositions
that reflect their physiological and structural differences.

For phytoplankton, the Redfield ratio, first described by Alfred C. Redfield in 1934
and refined over subsequent years, provides a foundational stoichiometric relationship.
This ratio suggests a C:N:P composition of 106:16:1 [206], which can be expressed in the
following chemical equation:

106·CO2 + 16·NO3
− + HPO4

2− + 122·H2O + 18·H+ → C106H263O110N16P + 138·O2 (4)

This ratio has been widely applied in biogeochemistry and marine ecology. However,
it is important to note that the Redfield ratio represents an average, and individual species
or communities may deviate from this ratio depending on their environmental conditions
and physiological states [207].



Minerals 2025, 15, 203 49 of 68

In contrast, multicellular algae, including macroalgae, often exhibit different elemental
compositions. These organisms typically have higher C:N and C:P ratios compared to the
Redfield ratio, largely due to their more complex structural components. Atkinson and
Smith [188] analyzed a wide range of marine plants and found that their average C:N:P
ratio was approximately 550:30:1. Based on this ratio, we can construct a representative
equation for macroalgae:

550·CO2 + 30·NO3
− + HPO4

2− + 551·H2O + 30·H+ → C550H1100O550N30P + 551·O2 (5)

However, it is crucial to recognize that macroalgal stoichiometry can vary significantly
among species and environments. In this regard, it has been reported C:N:P ratios for
marine macroalgae ranging from 119:7:1 to 344:21:1 have been reported [218], illustrating
this variability. Comparing these equations reveals that multicellular algae generally
incorporate more carbon relative to nitrogen and phosphorus compared to phytoplankton.
This difference reflects the distinct physiological and structural characteristics of these
organisms, as well as their adaptations to different marine environments. Furthermore, it
is important to emphasize that these equations are simplifications of complex biological
processes. In reality, the elemental composition of both phytoplankton and macroalgae
can vary based on factors such as nutrient availability, light conditions, temperature, and
species-specific traits [219].

The geochemical analysis of carbon and phosphorus distributions in the lower Cam-
brian Las Ermitas section provides significant insights into the biogeochemical cycling
patterns of these key nutrients in early Phanerozoic reef–lagoon systems (Table 9). The
theoretical nutrient requirements of the ancient communities, based on the Redfield ratio
(C:P = 41.11 by mass), indicate balanced nutrient cycling with the lagoon environment
requiring 9.72·1014 gC and 2.36·1013 gP, while the reef setting needed 5.20·1014 gC and
1.26·1013 gP. These values represent the idealized nutrient distribution that would have
characterized these ecosystems during their active phase, assuming modern-like stoichio-
metric relationships, an approach that has been successfully applied to other Paleozoic
systems [220].

The preserved record reveals substantial deviations from these theoretical ratios. In
the raw preserved materials, both environments exhibit a significant phosphorus excess
compared to carbon. The siltstones from the lagoon environment show a C/P ratio of
8.33 (32.78 below Redfield), while the calcimicrobial limestones display an even lower
C/P ratio of 4.30 (36.81 below Redfield). This marked phosphorus enrichment relative to
carbon suggests either the preferential preservation of phosphorus-bearing compounds or
extensive carbon loss during early diagenesis, or more likely, a combination of both pro-
cesses. Similar patterns have been observed in other Cambrian deposits, where phosphorus
enrichment has been linked to enhanced phosphogenesis and organic matter preservation
conditions [22,221].

The analysis of the organic carbon degradation pathways provides crucial insights
into the fate of organic matter. In the sulfate reduction pathway, both environments show
a substantial carbon excess relative to phosphorus, with C/P ratios of 63.74 (22.63 above
Redfield) in the siltstones and 157.33 (116.22 above Redfield) in the calcimicrobial limestones.
Conversely, the ferric iron reduction pathway shows a strong phosphorus excess, with C/P
ratios of 0.55 (40.56 below Redfield) in the siltstones and 0.12 (40.99 below Redfield) in the
calcimicrobial limestones. These contrasting patterns align with observations from other
early Paleozoic black shales [220], suggesting different preservation mechanisms operating
under different redox conditions.

When considering the total record, which includes both preserved organic matter
and that processed through degradation pathways, the siltstones show a C/P ratio of
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72.62 (31.51 above Redfield), while the calcimicrobial limestones exhibit an even more
extreme C/P ratio of 161.83 (120.72 above Redfield). This carbon excess in the total record
indicates that although most of the carbon was ultimately lost from the system, the amount
processed through anaerobic degradation pathways, particularly sulfate reduction, was
substantially higher than what would be expected from the Redfield ratio. The observed
dominance of sulfate reduction over iron reduction in both the siltstones (6.03 × 1010 gC
vs. 5.22 × 108 gC) and the limestones (9.44 × 1010 gC vs. 7.21 × 107 gC) suggests that
sulfate reduction was a significant metabolic pathway during early diagenesis given the
low oxygenation of the seafloor [220]. However, the scarcity of sulfides in the sediments
and the prevalence of Fe(II)-bearing phyllosilicates indicate that sulfide production did
not dominate the diagenetic mineralization processes. Instead, the high silica concentra-
tions in lower Cambrian seawater [168], driven by elevated weathering rates [3], likely
facilitated the sequestration of iron through the formation of iron-silicate phases, such as
phyllosilicates. This mechanism reflects the interplay between microbial processes and the
geochemical conditions of the Cambrian seas, characterized by high silica availability and
limited oxygenation.

These results highlight several key aspects of early Cambrian biogeochemical cycling.
First, they demonstrate the differential preservation potential of carbon and phosphorus
under varying redox conditions, with distinct patterns emerging between sulfate and iron
reduction zones, consistent with observations from other Paleozoic deposits [220]. Second,
they reveal the importance of anaerobic degradation pathways in processing organic matter,
particularly sulfate reduction, which appears to have been the dominant process in both
reef and lagoon environments. Third, they suggest complex early diagenetic processes
that led to differential preservation of these key nutrients, with the relative importance
of different degradation pathways varying between environments. The stark contrast
between the theoretical nutrient requirements of the living communities and the preserved
record emphasizes the importance of considering multiple pathways and processes when
reconstructing ancient marine ecosystems, particularly in terms of productivity and nutrient
cycling, as demonstrated in various studies of early Paleozoic phosphorites and black
shales [131,222].

When applying the modified Redfield equation (C550H1100O550N30P) to the Las Er-
mitas materials, which represents a significantly higher C:P ratio of 550:1 (mass ratio of
213.29:1) compared to the traditional Redfield ratio of 106:1 (mass ratio of 41.11:1), the
deviations from the stoichiometric balance become even more pronounced. In the pre-
served organic matter, both of the facies show an extreme phosphorus excess relative to
this modified ratio, with the siltstones displaying a C:P mass ratio of 8.33 (−204.96 below
the modified ratio) and the calcimicrobial limestones showing an even lower ratio of 4.30
(−208.99 below modified ratio). This pattern continues in the degradation pathways, where
the sulfate reduction products show C:P ratios of 63.74 (−149.55 below the modified ratio)
in siltstones and 157.33 (−55.96 below the modified ratio) in the calcimicrobial limestones.
The iron reduction pathway exhibits the most extreme phosphorus excess, with C:P ratios
of 0.55 (−212.74 below the modified ratio) and 0.12 (−213.17 below the modified ratio) in
the siltstones and the calcimicrobial limestones respectively.

The total record, including both preserved organic matter and degradation products,
maintains this pattern with C:P ratios of 72.62 (−140.67 below the modified ratio) in the
siltstones and 161.83 (−51.46 below the modified ratio) in the calcimicrobial limestones.
These substantial deviations from the modified Redfield ratio indicate that this higher C:P
stoichiometry provides a much poorer fit to the geochemical composition of the Las Ermitas
materials compared to the traditional Redfield ratio. This suggests that the biogeochemical
cycling in these lower Cambrian environments likely operated closer to the classical Red-
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field proportions rather than the modified ratio, providing important constraints on our
understanding of early Phanerozoic nutrient cycling.

Las Ermitas data show remarkable variability in C:P ratios, ranging from
0.3 to 417.9 (molar), reflecting diverse depositional environments and metabolic pathways
within a single reef complex. Notably, the highest values recorded in the calcimicrobial
limestones (417.9 molar) align closely with those documented in the mid-upper Cambrian
Alum Shale (403–444 molar), suggesting similar redox conditions and phosphorus cycling
mechanisms operated during the early to middle Cambrian.

According to Algeo’s work [220], C:P ratios are strongly influenced by benthic redox
conditions, with higher ratios indicating poorly ventilated environments and the enhanced
preservation of organic carbon coupled with increased diffusive loss of remineralized
phosphorus. Las Ermitas data strongly supports this model, with the lowest C:P ratios
found in the calcimicrobial settings that likely experienced oxygen-depleted conditions.
In contrast, very low ratios (0.3–1.4 molar) characterize Fe3+-dominated environments,
indicating well-oxygenated conditions.

The environmental heterogeneity captured in the Las Ermitas system provides unique
insights into early Cambrian conditions. The high C:P ratios in certain environments
suggest that poorly ventilated conditions, which are identified as typical of the early-
middle Paleozoic [22,220], were already established in the early Cambrian. However, the
presence of well-oxygenated conditions in Fe3+-rich settings demonstrates that significant
redox variability could exist at local scales. This mosaic of redox conditions within a single
reef system suggests that nutrient cycling and oxygen availability varied substantially over
small spatial scales, potentially creating diverse niches that could have supported early
metazoan diversification.

Las Ermitas system appears to capture a critical transition between the generally anoxic
conditions of the Precambrian and the gradually increasing oxygenation of the Paleozoic,
exhibiting characteristics of both regimes within a single reef complex. This makes it an
invaluable record of early Cambrian environmental conditions and their potential influence
on early animal evolution.

Furthermore, the marked disparity in the C:P ratios between the sulfate reduction
(164.6–406.4 molar) and the iron reduction (0.3–1.4 molar) pathways in the Las Ermitas
system reflects both thermodynamic and stoichiometric controls on organic matter degra-
dation. From a thermodynamic perspective, the sequence of electron acceptors follows
a well-established redox ladder, where Fe3+ reduction occurs at higher redox potentials
than sulfate reduction. This explains why iron reduction environments show characteris-
tics more typical of oxidizing conditions, including more efficient phosphorus retention
and lower C:P ratios, while sulfate reduction environments display features associated
with more reducing conditions, such as enhanced organic carbon preservation and higher
C:P ratios.

However, the difference in C:P ratios is further amplified by the distinct stoichiometric
requirements of each metabolic pathway. Iron reduction requires a higher number of
electron acceptor molecules per unit of organic carbon oxidized, with a typical ratio of
one carbon to four Fe3+ (1:4). In contrast, sulfate reduction proceeds with a more carbon-
favorable stoichiometry, where two carbons are oxidized per sulfate molecule (2:1). This
fundamental difference in the carbon consumption efficiency of these pathways contributes
to the lower C:P ratios observed in iron-reducing environments compared to sulfate-
reducing ones.

The combined effect of redox conditions and stoichiometric requirements creates a
powerful mechanism for generating distinct C:P signatures in the rock record. In the
Las Ermitas system, this is particularly well demonstrated in both the siltstones and



Minerals 2025, 15, 203 52 of 68

the calcimicrobial limestones, where the dual influence of the higher redox potential
and the lower C:Fe3+ ratio in iron-reducing environments results in dramatically lower
C:P ratios compared to sulfate-reducing environments. This pattern suggests that the
preserved C:P ratios in ancient rocks reflect not just the redox conditions of the depositional
environment, but also the specific stoichiometric constraints of the dominant metabolic
pathways operating during early diagenesis.

To explore the relative importance of different metabolic pathways in organic matter
degradation, we first calculated the theoretical proportions of sulfate versus iron reduction
that would yield the original Redfield ratio (106:1) in both environments. For calcimicrobial
limestones, where sulfate reduction yielded a C:P ratio of 406.4 and iron reduction yielded
a ratio of 0.3, the calculation (406.4x + 0.3·(1 − x) = 106, where·is the proportion of sulfate
reduction) indicated that iron reduction would need to be the dominant process (74%)
over sulfate reduction (26%). Similarly, for the siltstones (164.6x + 1.4·(1 − x) = 106),
the calculation suggested sulfate reduction should account for 64% of organic matter
degradation, with iron reduction representing 36%.

However, the examination of the actual amounts of organic carbon consumed through
these pathways reveals a markedly different pattern. In the calcimicrobial limestones,
sulfate reduction consumed 9.44·1010 g of the carbon (97.2% of total) compared to only
7.21·107 g (0.07%) through iron reduction. Similarly, in the siltstones, sulfate reduction
accounted for 6.03·1010 g (87.8%) versus 5.22·108 g (0.8%) through iron reduction. This
dominance of sulfate reduction, particularly pronounced in the calcimicrobial limestones,
suggests that redox conditions, rather than iron availability, controlled the primary pathway
of organic matter degradation.

Interestingly, although the lagoon environment where the siltstones formed might
have had a higher iron availability from terrestrial inputs, sulfate reduction still dominated
the organic matter degradation. This suggests that the more confined nature of the lagoon
environment created more reducing conditions that favored sulfate reduction over iron
reduction, even in the presence of available iron. This interpretation aligns with observa-
tions from modern restricted marine environments, where limited circulation often leads
to more reducing conditions and predominant sulfate reduction pathways. The slightly
higher proportion of iron reduction in the siltstones (0.8%) compared to the calcimicrobial
limestones (0.07%) might reflect this greater iron availability, though its impact on the
organic matter degradation remained minimal compared to sulfate reduction.

As discussed above, in addition to carbon, nitrogen, and phosphorus, iron plays a
crucial role in marine primary production, particularly in high-nutrient, low-chlorophyll
(HNLC) regions where it can be a limiting nutrient. The stoichiometry of iron in relation
to other elements in marine primary producers is an important aspect of understanding
marine biogeochemical cycles. Given the estimated atmospheric oxygen levels during the
early Cambrian, which likely ranged between 10% and 40% of present atmospheric levels
(PAL), it is reasonable to infer that the shallow marine environments of that time would have
contained a significant presence of Fe2+ coexisting alongside Fe3+ complexes. Under these
conditions, stoichiometric equations should incorporate both ferric complexes and ferrous
iron, with their relative proportions contingent upon the prevailing redox conditions.

For phytoplankton, the iron requirement relative to carbon is much lower than that
of macronutrients like nitrogen and phosphorus. A generalized stoichiometric equation
including iron for phytoplankton might look like the following:

106·CO2 + 16·NO3
− + HPO4

2− + 0.5·Fe2+ + 0.5·[Fe(III)-complex] + 122·H2O + 18·H+

→ C106H263O110N16PFe + 138·O2
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This equation is based on the work of Ho et al. [208], who found that the Fe:C ratios
in marine phytoplankton range from about 5 to 20 µmol/mol. The exact ratio can vary
depending on species and environmental conditions.

For multicellular algae, including macroalgae, the iron requirements and stoichiometry
can differ from those of phytoplankton. Incorporating iron into our previous macroalgal
equation, we might have the following:

550·CO2 + 30·NO3
− + HPO4

2− + 0.5·Fe2+ + 0.5·[Fe(III)-complex] + 551·H2O + 30·H+

→ C550H1100O550N30PFe + 551·O2

This equation is more speculative, as fewer studies have comprehensively examined
iron stoichiometry in macroalgae compared to phytoplankton. However, some research
suggests that macroalgae may have higher iron requirements relative to carbon than
phytoplankton [219,223].

It is important to note that iron availability in marine environments is complex. In
oxygenated seawater, iron is primarily present as Fe(III), which is highly insoluble. Much
of the bioavailable iron is complexed with organic ligands. The equation we have used
simplifies this complexity for the sake of stoichiometric representation.

The C:Fe ratios in Las Ermitas samples show quite variable values that do not align
straightforwardly with typical biological iron uptake patterns. When converting these
weight-based ratios to molar ratios for comparison with biological requirements, the
disparity becomes even more evident. For example, the calcimicrobial limestones show
a C:Fe weight ratio of 0.14, which converts to approximately 651 µmol Fe/mol C. The
siltstones total C record shows a weight ratio of 2.78, converting to about 12,925 µmol
Fe/mol C. These values are orders of magnitude higher than typical phytoplankton Fe:C
requirements (5–20 µmol/mol).

Most notably, while the sulfate-related organic carbon shows higher weight ratios
(2.44–5.06) than the Fe3+-related fractions (0.02–0.00), all these values when converted to
molar ratios are far from the expected biological uptake patterns. This suggests that the
C:Fe ratios in Las Ermitas materials likely reflect a complex mixture of preservation effects,
diagenetic processes, and depositional conditions rather than providing clear information
about the biological iron uptake by the original Cambrian community.

7.5. Linking the Community Diversity, Biomass and Productivity in the Early Cambrian
Reef–Lagoon of Las Ermitas

Understanding the relationship between nutrient availability and community di-
versity in ancient marine ecosystems is crucial for reconstructing early Paleozoic envi-
ronmental conditions and biological evolution [215]. Modern studies demonstrate that
nutrient flux directly influences biomass production, ecosystem complexity, and trophic
relationships [224,225], though interpreting these patterns in the fossil record presents
significant challenges. However, the reconstruction of paleocommunities faces two major
challenges: first, the selective loss of community components that lack a preservation
potential, and second, the poor preservation of ecological relationships between producers,
consumers, and predators in ancient food webs [226]. This taphonomic bias fundamentally
affects our understanding of ancient ecosystem structure and function, as the fossil record
typically preserves only a small fraction of the original biological diversity [227]. The
preservation potential varies significantly among different organisms and tissues, with
biomineralized structures having a much higher likelihood of fossilization compared to
soft tissues [128,228].

The lower Cambrian Las Ermitas deposits clearly illustrate these preservation bi-
ases. The recovered fossil assemblage is limited to phosphatized skeletal elements and
permineralized chitinous walls, while soft-bodied organisms that likely dominated the
original community have been lost from the fossil record [32]. This selective preservation
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means we primarily see biomineralized organisms like brachiopods and small shelly fossils,
while crucial ecosystem components such as soft-bodied algae, early sponges, and various
vermiform organisms are underrepresented or absent [229,230]. Such a preservation bias
significantly affects our understanding of early Cambrian community structure and diver-
sity [126]. Moreover, the absence of soft-tissue preservation obscures important ecological
relationships, including predator-prey interactions and symbiotic associations that would
have been vital components of these early complex ecosystems [108,231].

Las Ermitas reef–lagoon paleocommunity exhibits a complex trophic structure, recon-
structed from fossil evidence and inferred ecological roles. While ecosystems and biological
communities have evolved significantly over Earth’s history, particularly with the emer-
gence of novel trophic levels, the core principles of ecosystem dynamics and community
structure have remained remarkably consistent since the advent of multicellular life [232].
This suggests that, although increased trophic complexity has enhanced ecological balance
and diversity, the fundamental processes governing ecosystem development and structure
have been conserved through deep time. In this context, the trophic structure of the Las
Ermitas paleocommunity can be reconstructed by examining the autoecological informa-
tion preserved in the fossil record and comparing it with modern ecosystems that exhibit
analogous ecological and functional dynamics (Figure 14) [233].

Following this approach, it can be deduced that the base of the trophic structure of
Las Ermitas paleocommunity is composed of primary producers, including cyanobacteria,
unicellular algae, and multicellular algae. As discussed above, fossil evidence from micro-
bialites (stromatolites and thrombolites) strongly suggests the dominance of cyanobacteria,
which formed extensive microbial mats in both the lagoon and reefal environments, serving
as the foundational energy source for the ecosystem [122,234]. While unicellular algae (e.g.,
green algae) and multicellular algae are not observed in the fossil record at Las Ermitas,
their ecological importance is inferred based on their prevalence in modern analogs of
shallow marine ecosystems and the nutrient-rich nature of Cambrian lagoons [235]. These
producers captured 100% of the ecosystem’s energy via photosynthesis [234], which then
flowed upward through the trophic levels.

The primary consumers in the Las Ermitas system (Figure 14) include taxa such
as Halkieriids, Helcionellids, Chancelloriids, and Orthothecid hyoliths, which represent
grazing and suspension-feeding organisms feeding on microbial mats or filtering organic
particles from the water column [122,236]. These preserved taxa highlight the diversity of
grazers in the system. However, zooplankton, though not preserved, are inferred to have
been significant primary consumers, feeding on phytoplankton (unicellular algae) in the
lagoonal environment [234]. Primary consumers converted approximately 10%–20% of the
available energy from primary producers into their own biomass [235], enabling the flow
of energy to secondary consumers. Furthermore, brachiopods as primary consumers in
the Las Ermitas paleocommunity align with their ecological role in early Cambrian ecosys-
tems as suspension feeders [237]. Brachiopods likely fed on planktonic or benthic organic
material, including unicellular algae and microbial mat detritus. Their absence in the Las
Ermitas fossil record is intriguing, as it may result from the acid dissolution of their carbon-
ate shells during phosphatic fossil extraction processes [238]. Unlike phosphatic-shelled
organisms (e.g., small shelly fauna), brachiopods with calcareous shells may not have
undergone phosphatization, preventing their preservation under such extraction meth-
ods [238]. This highlights a preservation bias that can obscure critical trophic components
in paleocommunity reconstructions.
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Figure 14. The tentative reconstruction of the community structure and trophic interactions within
the Las Ermitas reef–lagoon system. The numbers correspond to specific groups of organisms,
grouped by their trophic level: Primary producers include 1—cyanobacteria; 2—unicellular al-
gae; and 3—multicellular algae. Primary consumers include 4—grazing worms; 5—Halkieriids;
6—Chancelloriids; 7—zooplankton; 8—Brachiopods; 9—Archaeocyathids and sponges; 10—Hyoliths;
and 11—Helcionellids. Secondary consumers include 12—small arthropods; 13—Cnidarians; and
14—predatory worms. Tertiary consumers consist of 15—apex predators. The arrows indicate the
energy flow across the trophic levels, illustrating the structure and dynamics of the paleocommunity.
The progressive decrease in biomass from the primary producers to the apex predators reflects the in-
efficiencies in energy transfer through the trophic web. Additionally, biomass is lost at all the trophic
levels through the activity of decomposers and respiration, as indicated by the horizontal arrows.

Sponges and archaeocyathids likely played a significant role in the trophic structure
of the Las Ermitas paleocommunity as primary consumers (Figure 14). Both groups were
suspension feeders, relying on water filtration to capture organic particles and plankton.
Sponges are not preserved in the Las Ermitas materials, but their presence can be inferred
based on their ecological importance in similar Cambrian reefal environments, where
they contributed to nutrient cycling and benthic community dynamics [11]. In contrast,
archaeocyathids are preserved in the form of calcareous skeletons, which in some cases
show evidence of silica mineralization. These organisms were among the first reef builders,
providing structural complexity to the ecosystem while functioning as efficient suspension
feeders [239].

The secondary consumers (Figure 14) are represented by preserved taxa such as
small arthropods (e.g., Bradoriida) and Cnidarians (e.g., Byroniida). These organisms
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likely preyed on primary consumers such as helcionellids, zooplankton, and other small
grazers, fulfilling their roles as predators and scavengers [240,241]. Additionally, soft-
bodied predatory worms, including priapulids and possibly nemertean or polychaete-like
organisms, are inferred to have been part of this trophic level based on evidence from
comparable Cambrian ecosystems such as the Burgess Shale and Chengjiang Lagerstätten.
Secondary consumers transferred ~10% of the energy they consumed to tertiary consumers,
with significant energy losses due to metabolic processes and inefficiencies [122,235].

The tertiary consumers (Figure 14), or top predators, in the Las Ermitas paleocommu-
nity are represented by large arthropods (e.g., trilobite-like predators) that likely preyed
on smaller arthropods, cnidarians, and other secondary consumers. Additionally, inferred
predators such as priapulid worms may have also played a significant role in this level, as
priapulid fossils from other Cambrian sites suggest their ecological importance as apex
predators [240–242]. Tertiary consumers retained only ~5%–10% of the energy from sec-
ondary consumers, resulting in a very low biomass at this trophic level, consistent with the
energy transfer inefficiencies [122,235].

The energy and biomass within the Las Ermitas system should have followed the same
processes of energy and biomass loss through the full trophic web. Primary producers
supported 100% of the ecosystem’s energy and biomass, with a total biomass production of
1.5·109 gC·yr−1. Biomass decreased progressively at higher trophic levels due to energy
transfer inefficiencies. For example, 1.5·109 gC·yr−1 at the producer level would support
approximately 1.5·108 gC·yr−1 at the primary consumer level, 1.5·107 gC·yr−1 at the
secondary consumer level, and 1.5·106 gC·yr−1 at the tertiary consumer level (Figure 14).
This progressive reduction reflects the inefficiencies in energy transfer, with significant
energy lost to respiration, heat, and metabolic processes [122,235]. However, the dominance
of microbial mats in the Cambrian environment may have resulted in slightly higher energy
retention at lower trophic levels, owing to their rapid turnover rates and efficient detrital
recycling [234,236].

A preliminary estimation of community biomass at various trophic levels within the
Las Ermitas system was derived by the calculating biovolume based on the preserved
fossil record (Figure S7A). By subtracting the organic carbon associated with the preserved
organisms from the total estimated organic carbon for a given trophic level, the remaining
carbon can be attributed to organisms that are absent from the geological record. For these
unrecorded taxa, average biovolumes were inferred using ecological analogs, creating
a comparative framework to evaluate the reliability of this approach. Although these
calculations rely on assumptions—such as the accuracy of total organic carbon estimates
and the representativeness of the fossil record—they offer valuable insights into the approx-
imate biomass and annual productivity of the paleocommunity. While full calculations of
biomass for all the trophic elements extend beyond the scope of this paper, the discussion
in this section focuses on the relationships between productivity and community diversity,
offering key insights into paleocommunity dynamics.

The analysis revealed the relative abundance of well-preserved taxa, such as hyoliths,
chancelloriids, and cnidarians, in the Las Ermitas paleocommunity. However, key ecologi-
cal components, including zooplankton, soft-bodied worms, and algae, are conspicuously
absent, likely due to preservation biases [108,240]. These missing taxa were likely criti-
cal players in nutrient cycling and energy transfer, underscoring the need to incorporate
both preserved and inferred taxa for a more holistic view of the ecosystem’s trophic struc-
ture. Such an integrative approach bridges the gaps left by preservation biases and helps
reconstruct energy dynamics within the paleocommunity.

To quantitatively link the diversity, biomass, and productivity in the Las Ermitas
lagoon, a systematic multi-step methodology was employed. First, the biovolume data for
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each taxon were converted to the carbon biomass using a standard conversion factor of
0.11 g C per cm3, a widely used ratio for marine plankton. The total carbon biomass was
then calculated by summing these values across all the taxa, providing a basis to explore
the relationship between species richness and the total carbon biomass. To estimate the
annual productivity, an assumed turnover rate of 10—typical for marine systems—was
applied to the total carbon biomass. Furthermore, the phosphorus requirements necessary
to sustain this level of productivity were calculated using the Redfield ratio (C:P = 106:1).
For example, a hypothetical community comprising 24 species and a total biovolume of
5426.75 cm3 would yield a carbon biomass of 596.94 g C. Assuming an annual turnover
rate of 10, this translates to an annual productivity of 5969.4 g C/year, requiring ap-
proximately 56.32 g P/year. By quantifying these parameters, the method not only eluci-
dates the diversity-productivity relationship but also offers insights into nutrient cycling
rates. These estimates can be compared against the geological evidence of nutrient avail-
ability in the Las Ermitas deposits, yielding a comprehensive picture of the lagoon’s
biogeochemical dynamics.

Integrating the fossil evidence with the inferred biovolume estimates and the nutri-
ent cycling analyses provides a robust framework for reconstructing the ecological and
biogeochemical processes of ancient lagoon systems. This approach underscores the in-
terplay between biodiversity, productivity, and nutrient dynamics, allowing for a deeper
understanding of how ancient ecosystems functioned. As a result, these findings con-
tribute significantly to paleobiological studies, emphasizing the importance of connecting
preserved records with inferred ecological processes to reconstruct the full complexity of
past ecosystems.

8. Conclusions
The analysis of the Las Ermitas reef–lagoon system provides critical insights into the

interplay between biogeochemical cycles and early metazoan community development
during the early Cambrian. The continental weathering rates were approximately 23 times
higher than modern baseline rates, with calcium fluxes of 87.70 kg·yr−1 per kilogram
of andesite. Annual nutrient fluxes into the lagoon, including 0.286 g·cm−2·yr−1 for Fe
and 0.0146 g·cm−2·yr−1 for PO4

3−, reflect the influence of elevated atmospheric CO2

and intensified weathering. Lateritic and saprolitic weathering products further support
these conclusions.

Nutrient cycling patterns show variable concentrations of Fe (0.14–3.23 wt%), PO4
3−

(0.1–20.0 wt%), and Si (0.27–69.0 wt%), linked to the formation of phosphorites and ferrous
phyllosilicates under suboxic conditions. Microbial activity played a dominant role, with
sulfate-reducing bacteria recycling ~1.55·1011 g of C compared to 5.94·108 g of C via iron
reduction, driving nutrient transformation and supporting diverse metabolic strategies.
Fossil evidence reveals a diverse community with over 20 taxa, including mollukcs (27.70%
biomass) and small shelly fossils, forming a well-organized trophic structure. A log-
normal dominance–diversity curve indicates complex ecological organization influenced
by nutrient availability.

Spatial gradients show distinct biogeochemical dynamics, with phosphate fluxes rang-
ing from 1.38·10−7 g·cm−2·yr−1 in the reef core to 3.08·10−7 g·cm−2·yr−1 in the lagoon.
Similarly, iron fluxes vary from 1.93·10−7 g·cm−2·yr−1 in the reef to 1.51·10−5 g·cm−2·yr−1

in the lagoon, demonstrating environmental heterogeneity and the influence of reef struc-
ture on nutrient cycling and community distribution.

Phosphate concentrations in steinkerns (20 wt%) and the formation of Fe(II)-bearing
phyllosilicates highlight efficient biological nutrient recycling and iron cycling under sub-
oxic conditions. The carbon budget reveals the production of ~1.49·1015 g of C over the
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system’s million-year lifespan, with only ~0.01% preserved in the rock record. The C:P
ratios (0.12 to 161.83) vary across the facies, reflecting differences in organic matter preser-
vation, particularly in anoxic environments.

This study establishes a framework for exploring early Cambrian biogeochemical
systems, with quantified nutrient fluxes providing a basis for comparisons with global reef
systems. Future research should refine primary productivity models and explore nutrient
ratios’ impact on community composition, focusing on microbial roles in nutrient cycling
and early metazoan evolution. These findings emphasize the link between biogeochemical
conditions and the emergence of complex ecosystems during the Cambrian period.

The integration of geochemical modeling and paleontological analysis highlights the
role of diversity, productivity, and nutrient cycling in ecosystem resilience. This method-
ological framework bridges paleobiology and modern ecological principles, advancing our
understanding of ecosystem stability and evolutionary innovation across time.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1. Figure S1. The various stratigraphic sections (Creveling et al. [6];
Fernandez-Remolar et al. [29]; Moreno-Eiris [86]) are systematically organized in a southeast to
northwest (SE to NW) direction along the Precambrian paleorelief. These sections represent distinct
sedimentary environments and serve as valuable references for this study. Notably, the investi-
gated samples, namely 95E5/2 and 95E5/3, originate from section 95E5. The materials constituting
this section are attributed to the deposition within a marginal lagoon environment. Figure S2. A
comprehensive reconstruction of stratigraphic section 95E2 uncovers a diverse assemblage of sedi-
mentary materials that evolved along a progressive deepening trend. The section offers an extensive
record of shifting depositional environments, mirroring the gradual deepening of the underlying
sedimentary basin. The sampling points, indicated by yellow dots, were strategically chosen to collect
paleontological information, as depicted in the legend for paleontological content. Figure S3. A com-
prehensive reconstruction of section 95E5, from which samples 95E5/2 and 95E5/3 were obtained,
reveals a remarkable diversity in the paleontological record. The section provides valuable insights
into the wide range of fossilized organisms preserved within its layers, offering a comprehensive
snapshot of the ancient biological communities that once thrived in the lagoon. Figure S4. (A) A
silicified stromatolite retrieved from the lower portion of section 95E2 provides evidence of shallow
environmental conditions. The scale bar represents a length of 5 cm. (B) A bioclastic limestone
sample obtained at 95E2/X displays early primary cementation, manifested as layers of isopachous
radial fibrous calcite transitioning into micrite. The thin section reveals the complex carbonate
fabric characteristic of early Cambrian reef environments. The presence of archaeocyathids with
micritized walls indicates a shallow, warm marine setting, typical of early Cambrian reef ecosystems
(Wood [82]). The micritization of the archaeocyathid walls suggests early diagenetic processes in a
shallow, moderate-energy environment. The subsequent development of the palisade textures coating
these micritized structures points to early marine cementation, likely occurring in a well-circulated
phreatic zone with high carbonate saturation. This sequence of diagenetic features—micritization
followed by palisade cement formation—is indicative of a multi-stage early diagenetic history in a
dynamic reef or forereef setting. The reddish coloration of the carbonate matrix, potentially due to
the presence of iron-rich minerals such as chlorites with Fe3+, suggests slightly oxidizing conditions.
These features collectively imply a slightly alkaline environment, with the pH likely ranging from
8.0 to 8.5, which is consistent with the conditions necessary for carbonate oversaturation and early
marine cementation (Riding and Liang [130]). Figure S5. Limestone breccia containing pebbles and
displaying a distinct laminar structure, collected from the lowest portion of stratigraphic section 95E2,
indicating the prevalence of the sedimentary conditions characteristic of intertidal environments. The
scale bar represents a length of 5 cm. Figure S6. (A) polished cross-section exhibiting various types of
phosphorites, obtained from the northwestern region associated with sedimentary conditions charac-
teristic of a lagoon environment. A) Multiepisodic phosphorite identified in section 95E7. (B) Massive
phosphorite from stratigraphic section 95E5, transitioning into numerous phosphoritic layers ranging
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from centimetric to millimetric in thickness. (C) Intervals of phosphorite intercalated with nodulose
carbonate-bearing phosphatic fossils from section 95E5. The scale bar represents a length of 5 cm.
Figure S7. Photomicrographs of two thin sections prepared from sample 95E5/3 are presented.
(A) A bioclastic layer sandwiched between two micritic layers reveals sections of hyoliths filled
with varying compositions of a phosphatic matrix. (B) Bioclastic microfacies containing abundant
chancelloriid sclerites, some of which exhibit tiny pyritic crystals (indicated by white arrows). (C) A
close-up view of a chancelloriid sclerite partially filled with pyrite. Figure S8. An X-ray diffraction
(XRD) analysis was conducted on various samples collected from the Las Ermitas site to investigate
the mineral composition of the sediments. The results reveal a diverse mineral assemblage, with a
significant presence of greenish phyllosilicates and phosphatic minerals. (A) The XRD analysis of the
insoluble residue from a sample of greenish limestone (95E2/7) treated with acetic acid demonstrates
that the dissolution of calcite enhances the intensity of the quartz, chlorite/chamosite, and illite peaks.
(B) The mineral analysis of sample 95E4/1, obtained from a greenish siltstone containing a carbonate
matrix (c), reveals a substantial increase in the 14.2 Å peak of chlorite/chamosite after the matrix was
dissolved using acetic acid. (C) The XRD analysis of a phosphatic inner mold of an archeocyathid
(95E5/2a), where the calcitic matrix was removed, is compared with the rock matrix sample 95E5/2
collected from a phosphatic limestone. (D) The XRD analysis of sample 95E5/5, consisting of a
carbonate nodule within a greenish siltstone, provides insights into its mineral composition. (E) A
comparison of minerals found in a calcimicrobial limestone (95E7/0), containing approximately 95%
calcite, and a greenish siltstone (95E7/0d), composed of illite and chlorite/chamosite, highlights the
contrast in their mineral assemblages. (F) The XRD analysis of a reddish siltstone (sample 95E6/1a)
after dissolution under acetic acid reveals a higher concentration of detrital components, such as
quartz and feldspar, associated with chlorite and illite. Figure S9. (A) A bar diagram illustrating the
percentage biomass distribution for each taxonomic group, calculated based on the number and the
average size of specimens. (B–E) Several phosphatic complex steinkerns of Hyolitha exhibit preserved
phosphatized microbial filaments. The size of these filaments suggests a predominantly fungal origin,
highlighting the significant contribution of heterotrophic communities to the recycling of organic
matter within the reefal system. (F) The dominance–diversity curve for the Las Ermitas system,
characterized by a steep initial decline, reflects the presence of a small number of taxa that dominate
the community biomass, consistent with the "trophic nucleus" concept. In this case, mollusks and
small shelly fossils are the dominant taxa, contrasting with the arthropod-dominated Burgess Shale
fauna. The observed long tail of the curve suggests a stable and mature ecosystem with high diversity
among less abundant taxa. However, the absence of soft-bodied organisms due to a taphonomic bias,
along with the lack of distinct breaks in the curve, highlights the limitations of the preserved biomass
data in reconstructing the full community structure.
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