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ARTICLE INFO ABSTRACT

Keywords: The causes of early metazoan diversification during the Ediacaran-Cambrian transition interval are controversial,
Ediacaran partly because the global correlation of the Ediacaran-Cambrian boundary remains problematic due to a lack of
Cambrian

unambiguous stratigraphic markers. Here we report geochemical data from two fossiliferous sections (Majada de
Andaluz and Via Verde) that straddle the Ediacaran-Cambrian interval in the Central Iberian Zone, Spain. Carbon
isotope chemostratigraphy reveals a rise to a low positive §'3Cearp, plateau at the base of the Majada section,
which is associated with the first appearance of Cloudina and a pristine Sr isotope value of 0.708512, suggesting
that the lower Villarta Formation correlates with the terminal Ediacaran strata in China and Namibia. A
prominent negative 513Cmb excursion is also revealed from the lower member of the Villarta Formation at
Majada, likely corresponding to the global basal Cambrian carbon isotope excursion (BACE). Nitrogen isotope
data from the correlative Via Verde section reveal a similar trend to that found in coeval strata of South China,
and indicate a change from predominantly anaerobic to aerobic nitrogen cycling in Central Iberia. By correlating
sections in which both the BACE excursion and Treptichnus pedum are recognized, it appears that T. pedum is
exclusively found above the BACE, which postdates the last appearance of Cloudina and a negative §"3Cearp
plateau. Further studies of sections with both fossil and isotopic control will help to constrain the timing and
causation of Ediacaran-Cambrian bioradiations as well as their relationship to global carbon cycle perturbations.

Carbon isotopes
Nitrogen isotopes

1. Introduction

The Ediacaran-Cambrian transition witnessed a major radiation of
macroscopic multicellular life including stem- and crown-group meta-
zoans, leading to the establishment of modern-style ecosystems (Erwin
et al., 2011; Wood et al., 2015; Zhu et al., 2017; Darroch et al., 2018).
Although considerable effort has been put into investigating this critical
interval, the patterns and causes of such biotic turnover are enigmatic
and hotly debated (Darroch et al., 2023). It has been hypothesized that
(a) the Cambrian biota expanded after extinction of the Ediacaran biota,
potentially triggered by extreme perturbations to surface environments
and global biogeochemical cycles (e.g. Amthor et al., 2003); and/or that
(b) ecological engineering led to the gradual replacement of the Edia-
caran biota by the Cambrian biota (e.g. Laflamme et al., 2013; Darroch

et al., 2015). To test these hypotheses and to unravel the environmental
controls on the rise of metazoans, it is necessary to calibrate the tem-
poral relationship between biological evolution and environmental
changes through this interval in diverse settings around the world,
which hinges on the erection of a robust chronostratigraphic framework.
However, such work has been hampered by a lack of fossiliferous sec-
tions that lend themselves to carbonate-based regional and global iso-
topic correlation (Smith et al., 2016a; Zhu et al., 2019).

The Central Iberian Zone or CIZ preserves the most complete fossil-
iferous Ediacaran-Cambrian successions within the Iberian Peninsula,
and yields the only late Ediacaran biomineralized fossils in Europe (e.g.
Vidal et al., 1994a; Cortijo et al., 2010, 2015; Zhuravlev et al., 2012),
making it an ideal place to complement global correlation of the
Ediacaran-Cambrian transition interval. The CIZ was located at the

* Corresponding author at: Department of Earth Sciences, University College London, WC1E 6BT, UK.
E-mail addresses: kun.zhang.19@ucl.ac.uk (K. Zhang), g.shields@ucl.ac.uk (G.A. Shields), y-zhou@ucl.ac.uk (Y. Zhou), hstrauss@uni-muenster.de (H. Strauss),

ulrich.struck@mfn.berlin (U. Struck), soren@unex.es (S. Jensen).

https://doi.org/10.1016/j.precamres.2024.107526

Received 4 December 2023; Received in revised form 23 May 2024; Accepted 18 July 2024

Available online 31 July 2024

0301-9268/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:kun.zhang.19@ucl.ac.uk
mailto:g.shields@ucl.ac.uk
mailto:y-zhou@ucl.ac.uk
mailto:hstrauss@uni-muenster.de
mailto:ulrich.struck@mfn.berlin
mailto:soren@unex.es
www.sciencedirect.com/science/journal/03019268
https://www.elsevier.com/locate/precamres
https://doi.org/10.1016/j.precamres.2024.107526
https://doi.org/10.1016/j.precamres.2024.107526
https://doi.org/10.1016/j.precamres.2024.107526
http://creativecommons.org/licenses/by/4.0/

K. Zhang et al.

northwestern margin of Gondwana during the late Ediacaran to early
Cambrian at a paleolatitude of ~40°S (Torsvik and Rehnstrom, 2001;
Alvaro et al., 2016; Scotese, 2021). In the Ibor and Navalpino anticlines
of the CIZ, Cloudina, Sinotubulites, and Protolagena fossils have been
recovered from carbonate units of the Ibor Group, while vendotaenids
and sabelliditids are common in shale interbeds of the group (Vidal
et al.,, 1994a; Jensen et al., 2007; Cortijo et al., 2015; Alvaro et al.,
2019a). Treptichnus pedum, the marker fossil for the Ediacaran-Cambrian
boundary stratotype in Newfoundland (Brasier et al., 1994), has been
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reported from the upper part of the Ibor Group (Jensen and Palacios,
2016; Alvaro et al., 2019a, b). In the Valdelacasa anticline of the CIZ,
Treptichnus pedum occurs in the lower part of the Pusa Formation, while
basal olistostromes contain allochthonous Cloudina (Jensen et al., 2007;
Cortijo et al., 2010). The underlying Cijara Formation, stratigraphically
correlative to the Ibor Group (Fig. 1), yields treptichnids in its upper part
(Jensen et al., 2007). Therefore, based on the available biostratigraphy,
the Ediacaran-Cambrian boundary is proposed to lie somewhere in the
upper part of the Ibor Group in the Ibor and Navalpino anticlines (Alvaro

__S0km

Toledo
O

Meso-Cenozoic cover
Variscan migmatites
Variscan volcanism
Silurian

Ordovician

Cambrian

Ediacaran

Syncline

(@ Navalpino
Anticline {

(2 Valdelacasa
Study area

B Navalpino Valdelacasa Shale
anticline anticline Sandstone
@ Conglomerate
! 1t 1 1 1 191 B :
S reccia
<! pysa | | L—1 1 1 ¥ ..., Limestone and dolostone
-g Pusa Fuentes-Memberillar—NavaIpino| (@) ] ]
. \ A 533 + 17 Ma Stratigraphic gap
O [Beds\] PSRN O O o Detrital zircon age
 —— L~ 1) O] .
2 | Arrocampo ‘1-,," o —\ . | ? Phosphatic crust, nodule, clast
L o_| o
? & Villarta — o ¢ g LO of Treptichnus pedum
B ° . o 5 i i
D2) 5 Trilobites
= Castafiar :) A~V
Sponge spicules
c
o] Scenella
—
8 Trepichnids
S ¢ Simple trace fossil
5 S 7 Tt imple trace fossils
w| Se ~ .
3Le Vendotaenids
< (% ........ Sabelliditids
oo~ | ... 0. T
g g Cloudina
3
= Cloudina (allochthonous)

Fig. 1. (a) General geological setting in the Toledo-Alcudia Mountains, Central Iberian Zone, Iberian Peninsula (modified after Jensen and Palacios, 2016; Alvaro
et al., 2020); (b) Simplified correlation of the Ediacaran-Cambrian stratigraphy in the Navalpino and Valdelacasa anticlines (modified after Alvaro et al., 2019a;

Alvaro et al., 2020).
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et al., 2020) and in the lower part of the Pusa Formation or the upper
part of the Cijara Formation in the Valdelacasa anticline (Jensen et al.,
2007). Nevertheless, the precise placement of the boundary remains
unclear due to a lack of radiometric ages and other potential markers.
Although this issue has been further plagued by recent reports of co-
occurrence of Cloudina with ‘Cambrian’ small shelly fossils (Yang
et al., 2016; Zhu et al., 2017; Cai et al., 2019), a recent compilation of
global stratigraphic data (Bowyer et al., 2022) confirms that the last
appearance of Cloudina always underlies the first appearance of T. pedum
in sections with high resolution carbon isotope data.

In this study, we present carbonate carbon (513ccarb), oxygen and
strontium isotope profiles together with major and trace element data
from the Villarta Formation (Ibor Group) at Majada de Andaluz in the
Navalpino anticline. We also report organic carbon isotope (613C0rg) and
bulk nitrogen isotope (5'°N) values from the Cijara and Pusa formations
at Via Verde in the Valdelacasa anticline. These data reveal the existence
of the globally recognized basal Cambrian carbon isotope excursion
(BACE) in the Central Iberian Zone. Regional correlation allows us to
directly relate the BACE excursion to biotic turnover from typically
Ediacaran- to Cambrian-type biota across the Ediacaran-Cambrian
transition in Spain.

2. Geological setting

The Ediacaran to Cambrian strata of the Iberian Peninsula were
deposited in the Cadomian retro-arc basin, which resulted from the
collision of the Cadomian Arc with Gondwana (Alvaro et al., 2020).
These strata in the Toledo-Alcudia Mountains of the CIZ are mainly
preserved in NW-SE trending fold belts (Fig. 1). An updated and detailed
Ediacaran-Cambrian stratigraphic framework in the Toledo-Alcudia
Mountains is reported in Alvaro et al. (2019a). The Villarta Formation
at the Majada de Andaluz section in the Navalpino anticline can be
subdivided into three members (Alvaro et al., 2019a). The lower
member is characterized by depositional cycles of shale-marlstone-
limestone with a total thickness of ~180 m; Cloudina fossils are
embedded within thromboid-textured limestone (Alvaro et al., 2020).
The middle member is ~10 m thick and composed of conglomerates,
sandstones, and shale beds. The upper member consists of alternating
shales and carbonate rocks with a thickness of ~70 m. The Villarta
carbonates were deposited in a shallow carbonate platform with
increasing water depth towards the NE (Vidal et al., 1994a; Cortijo et al.,
2015; Alvaro et al., 2020). The maximum depositional age of the
lowermost Villarta Formation has been estimated at ~555-550 Ma
(Alvaro et al., 2020), based on correlation of the Ibor Group with the
laterally equivalent Cijara and Hinojosas formations elsewhere in the
Central Iberian Zone (Alvaro et al., 2019a) and their youngest detrital
zircon SHRIMP (sensitive high resolution ion microprobe) U-Pb ages
(Talavera et al., 2012; Talavera et al., 2015).

The Cijara and Pusa formations crop out at the Via Verde section near
the La Nava de Ricomalillo village in the Valdelacasa anticline. The
Cijara Formation, about 3500 m thick, mainly comprises conglomerates
and sandstones with minor shales, and is characterized by the presence
of phosphatic clasts in its upper part (Alvaro et al., 2016). Simple trace
fossils and possible treptichnids have been discovered from the upper
Cijara Formation (Jensen and Palacios, 2016). The Fuentes megabreccia
beds, up to 100 m thick, overlie the Cijara Formation (Jensen et al.,
2007) and comprise a mixture of heterolithic clasts (both carbonate and
siliciclastic, and containing Cloudina shells) proposed to be sourced from
previously deposited formations, representing a slope-apron deposit
(Alvaro, et al., 2019b). The Pusa Formation overlying the megabreccia
beds can be subdivided into three members. The lower member, about
1000 m thick, is dominated by shales with minor sandstone interbeds.
The carbonaceous macrofossil Beltanelliformis co-occurs with Treptichnus
in this member (Brasier et al., 1979; Jensen et al., 2006, 2007; Jensen
and Palacios, 2016). The middle member contains variably phosphatic
shales with a thickness of ~500 m. The upper member, up to ~550 m
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thick, mainly consists of shales and greywacke sandstones. Scenella-like
small shelly fossils have been reported close to the middle-upper
member transition, while siltstones in the uppermost Pusa Formation
yield trilobites and archaeocyaths (Jensen et al., 2010; Linan et al.,
2020). The Cijara and Pusa formations are considered to represent
deposition across the Ediacaran-Cambrian transition interval (e.g. Cor-
tijo et al., 2010; Alvaro et al., 2016), which is consistent with detrital
zircon ages of 533 + 17 Ma (U-Pb SHRIMP) from the Pusa Formation,
550 + 6 Ma (U-Pb SHRIMP) from the Cijara Formation, and 565 + 4 Ma
(U-Pb LA-ICP-MS; laser ablation inductively coupled plasma mass
spectrometry) from the Orellana Formation, which underlies the Cijara
Formation (Talavera et al., 2012; Linnemann et al., 2018). It has been
proposed that the Cijara Formation represents deposition in the outer
platform to slope environment, while the Pusa Formation could repre-
sent a deep platform environment (Vidal et al., 1994a; Cortijo et al.,
2010; Jensen and Palacios, 2016).

3. Materials and methods

Eighty-one carbonate samples were collected from the Majada de
Andaluz section in 2006, and twenty-seven shale samples were collected
from the Via Verde section in 2007. Stratigraphic heights of Majada
samples have been assigned by comparing original field notes with the
published stratigraphic column of Alvaro et al. (2019b), further
informed by field excursions in 2019 and 2022. Member/major bed
assignments of all samples have been confirmed so that stratigraphic
trends can be reliably correlated into the published stratigraphic
framework. The Via Verde section consists of outcrop in the trenches
along an abandoned railway section that within the study area runs
parallel to the Huso river. Samples were collected along approximately
10 km of section with 16 samples in the Cijara Formation and 11 samples
in the Pusa Formation. Precise stratigraphic placement of samples
within the Cijara Formation is not possible because of covered areas in a
section with some structural complexity (e.g. Vidal et al., 1994b). Pro-
gressively higher positions northwards are however evident.

Thin sections of the carbonate samples from the Majada section were
scrutinized under a polarizing microscope in order to identify the best-
preserved rock components destined for element and isotope analyses.
The powders were then drilled on the counterpart of the rock slabs while
avoiding visible alteration, such as calcitic micro-veins and interstitial
cements. CO5 for carbon and oxygen isotope analyses was liberated from
whole rock carbonates via off-line phosphorylation (cf. McCrea, 1950)
with enriched phosphoric acid (Wachter and Hayes, 1985) at 50 °C for
24 h (limestone) or 48 h (dolomite) and subsequent cryogenic distilla-
tion. All carbonate carbon and oxygen isotope analyses were carried out
at the Institut fiir Geologie und Paldontologie in Miinster, Germany,
using a Thermo Finnigan Delta Plus mass spectrometer. Results are re-
ported in the standard delta notation as 5!3C and §'20 relative to VPDB
(Vienna Pee Dee Belemnitella). Standard deviation, as determined from
replicate analyses, was usually better than 0.15%. and 0.2%o for carbon
and oxygen isotopes, respectively.

Another aliquot of the carbonate sample powders from the Majada
section was leached by excess 10% hydrochloric acid at room temper-
ature for at least 12 h. The concentrations of some diagnostic major and
trace elements (Ca, Mg, Fe, Mn and Sr) were determined using ICP-AES
(inductively coupled plasma atomic emission spectroscopy) at the
Wolfson Laboratory of University College London in 2010. The pre-
cisions are generally better than 5% for the analysed elements based on
long-term reproducibility of laboratory measurements of standard
reference materials.

A small number of samples (five limestones and one dolostone) from
the Majada section were then selected for Sr isotope stratigraphy (SIS)
study following strict petrographic and geochemical selection criteria.
Limestone samples with high Sr and carbonate contents, low Mn/Sr
ratios and plausible O-isotopes were selected, whereby only primary
rock components were then micro-drilled. Only one dolomitic sample
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was run for comparison. A sequential leaching method was employed to
prepare them for Sr isotope analysis. Fine powders of the samples were
pre-leached by 0.13 M acetic acid using a volume calculated to dissolve
around one-third of the carbonate fraction, aiming to remove silicate-
related contaminants and altered carbonate components, before dis-
solving another ~40 % using the same acetic acid for SIS study. Sr was
eluted from solutions with any remaining Rb eliminated through ion
exchange column chromatography. Sr isotope values were determined
using thermal ionization mass spectrometry (TIMS; Phoenix Isotopx) at
Royal Holloway, University of London, with 87Sr/%®sr of the standard
reference material NBS 987 at 0.710240 + 0.000008 (mean and 2SE,
N=13).

For the shale samples from the Via Verde section, organic carbon and
bulk nitrogen concentration and isotope analyses were both performed
at the laboratories of the Museum fiir Naturkunde, Berlin in 2008 using a
Thermo Finnigan Flash Elemental Analyser 1112 coupled to a Thermo
Delta V Mass Spectrometer (continuous flow). After washing, samples
were cut into small chips for powdering. For bulk rock samples, the
amount of powder required for a detectable amount of nitrogen ranged
between 10 mg and 200 mg depending on clay and/or organic content.
The natural drift observed for the reference has been used to correct the
samples’ values. All the results characterized by a TN content below
0.020 pg (accuracy limit for our analytical setup) have been measured at
least twice to demonstrate their fidelity. The final analytical errors for
both 5'°N and §!3C analyses amount to no greater than -+0.5%o.

4. Results
4.1. Majada de Andaluz section

For the lower member of the Villarta Formation, the carbonate
samples are dominated by limestones in its lower part with Mg/Ca ratios
generally lower than 0.06, while carbonates in its upper part are
dominated by dolostones characterized by high Mg/Ca ratios ranging
within 0.4-0.5 (Fig. 2). The limestones in the lower part are enriched in
Sr averaging 2145 ppm, yet the dolostones in the upper part are depleted
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in Sr averaging 39 ppm. Similarly, the Mn/Sr ratios are generally lower
than 1.0 but higher than 100 in the limestones (lower part) and dolo-
stones (upper part), respectively (Fig. 2). There are only few carbonate
beds in the middle member where the Mg/Ca ratios are greater than
0.06. In the upper member, the Mg/Ca ratios exhibit great variability
ranging between 0.01 and 0.46 whereas the corresponding Mn/Sr ratios
are generally lower than 10 (Fig. 2). The Sr concentrations show rela-
tively small differences among samples that have been dolomitized to
varying extents (Fig. 2). Specifically, the average Sr concentrations are
620 ppm and 213 ppm for limestones (Mg/Ca < 0.06) and dolomitized
samples (Mg/Ca > 0.06), respectively, in the upper member.

The 6'3Cearp, values of the lower member show a gradually increasing
trend from —2.5%o to +2.7%o, largely stabilize between +1%o and +3%o
in its lower part, followed by a shift to —2%o in its upper part accom-
panied by the lithological change from limestone to dolostone (Fig. 2). A
pronounced negative carbon isotope excursion with values as low as
—8.4%o is revealed within a carbonate band in the upper part (Fig. 2). In
the middle to upper member of the Villarta Formation, the Slsccarb re-
cord is characterized by a negative plateau mainly ranging around —3%o.
The 580 values of the lower member mainly range between —10%o and
—14%o in its lower part (limestone) and between —6%0 and —8%o in its
upper part (dolostone). The middle to upper member is characterized by
scattered 580 values ranging between —6%o and —15%o with an average
value of —12%o. The 8Sr/3%Sr ratios of limestone samples range between
0.708512 and 0.708838, whereas the dolostone sample has a signifi-
cantly higher ratio of 0.711685 (Fig. 2).

4.2. Via Verde section

At Via Verde, the lithology changes from mainly sandstone in the the
Cijara Formation to shale in the Pusa Formation. The shale samples from
the Cijara Formation are characterized by 613Corg values of around
—27%0 to —25%o, but with one prominent negative value of —35.6%o in
its middle-upper part (VJ11, see supplementary figure for sample loca-
tion). The shale samples from the overlying Pusa Formation exhibit
systematically lower 613C0rg values between —30%o and —28%o (Fig. 3).
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The &!°N values show a decreasing trend from +0.94%0 to —1.49%o
(mean +0.37%0) through the Cijara Formation, but fluctuate signifi-
cantly within a range between +0.26%0 and +4.62%o0, with a higher
average value of +1.98%o, in the Pusa Formation (Fig. 3). The TOC
contents are generally low at the Via Verde section, ranging from 0.02%
to 0.28% (average 0.10%) in the Cijara Formation and from 0.02% to
0.61% (average 0.27%) in the Pusa Formation (Fig. 3). The TN values
show a broadly increasing trend from 0.018% to 0.077% upward with
average values of 0.045% in the Cijara Formation and 0.064% in the
Pusa Formation (Fig. 3). The C/N molar ratios are in the range of 0.6-9.9
(average 3.5; Fig. 3).

5. Discussion
5.1. Diagenetic evaluation

5.1.1. Majada de Andaluz section

Diagenetic processes that alter the isotopic and elemental composi-
tions of carbonate rocks can mask the primary values and/or trends. It is
therefore important to evaluate the effects of diagenesis before chemo-
stratigraphic correlation can be attempted. In addition to petrographic
observation, the most commonly used geochemical indicators for
diagenetic screening include Sr concentrations, Mn/Sr ratios and 5'%0
values (e.g. Kaufman and Knoll, 1995). This is because these elements
and isotopic values can be altered at relatively low fluid/rock ratios and
thus are very sensitive to diagenesis (Brand and Veizer, 1980; Banner
and Hanson, 1990). However, the resistance of different proxies to
diagenesis is variable, and the same proxy could exhibit different
behaviour under different ambient fluid conditions (e.g. Lau and Har-
disty, 2022; Zhang and Shields, 2023). This means that the alteration of
sensitive proxies does not necessarily indicate any distortion of systems

less prone to diagenesis, such as carbon isotopes. Nevertheless, these
sensitive indicators provide a simple and straightforward way to
constrain the extent of diagenetic alteration and therefore have been
widely applied in chemostratigraphic studies (e.g. Brasier et al., 1996;
Bartley et al., 1998; Li et al., 2013; Kuznetsov et al., 2017).

Progressive diagenetic exchange generally leads to Mn enrichment
and Sr depletion in carbonate rocks, along with a decrease in both
8'3Cearp and 580 values (Brand and Veizer, 1980; Bartley et al., 1998).
Carbonate rocks with oxygen isotope values lower than —10%o are
commonly considered to have been altered (Kaufman and Knoll, 1995).
At first glance, geochemical data in the lower member could be taken to
imply that there has been significant diagenetic alteration and elemental
mobilization. For the lower part of the lower member, such low 580
values (mostly < —10%o) could indicate that samples underwent sig-
nificant isotopic exchange with meteoric and/or higher temperature
fluids. However, the lower part is also characterized by low Mg/Ca
(<0.06), low Mn/Sr (mostly < 1), high Sr contents (Fig. 2), and 878y /86sr
ratio of 0.708512 (Fig. 2) that is consistent with the coeval seawater
value (Zhou et al., 2020; McArthur et al., 2020). The preservation of
primary seawater 875r/86sr ratios suggests that the diagenetic system
was relatively closed. Considering their high Sr contents (up to 3917
ppm), one possible explanation for the low §'80 values is that carbonate
rocks of the lower part were originally composed of aragonite that was
replaced during burial diagenesis under low water/rock ratios (cf.
Tucker, 1986). The absence of significant correlation between 5'3Cearb
and 5'80 and other parameters in lower carbonates also argues against
significant diagenetic alteration of carbon isotopes (Fig. 4).

In the upper part of the lower member, accompanied by increased
Mg/Ca ratios, indicating partial dolomitization, Mn/Sr ratios increase
dramatically from ~1 to ~100, while Sr is significantly depleted (Fig. 2).
Although the Mn/Sr ratio is also redox controlled (e.g. Shields et al.,
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1997; Ossa Ossa et al., 2018), we consider its substantial range to relate
to the loss of Sr during diagenesis. Since Sr preferentially substitutes for
Ca in the crystal lattice, its concentration may decrease with increasing
dolomitization (Vahrenkamp and Swart, 1990). Therefore, simultaneous
covariation between Mg/Ca, Mn/Sr and Sr/Ca is most parsimoniously
interpreted as the result of significant dolomitization. Moreover, 520
values of the upper part are more positive compared to the lower part,
which also likely reflects the minerology change. It is generally accepted
that dolomite in isotopic equilibrium with calcite is enriched in 180 by
about 3-6%o (see review in Swart, 2015). If an isotopic offset of 6% is
applied, §'%0 values of the upper part are consistent with the measured
range of the lower part. Taken together, the elemental and oxygen iso-
topic changes from the lower to upper part of the lower member can be

attributed to dolomitization.

The relationship between dolomitization and carbon isotopes is more
ambiguous. Laboratory precipitation experiments suggest that dolomite
is enriched in 13C by 1-2%o relative to calcite (Horita, 2014), while many
Precambrian dolomites are believed to precipitate during early marine
diagenesis and thus preserve seawater carbon isotope composition (e.g.
Hood et al., 2018). In addition, since dolomitization is often associated
with organic matter decomposition, which will produce 2C-enriched
fluids, dolomites may therefore have more negative 813Ccarb values (e.g.
Kaufman and Knoll, 1995). For instance, it has been reported that
dolomitization can produce significantly lower values of 613Cmrb in
dolostones than that in the coeval limestones (e.g. Bold et al., 2020;
Nelson et al., 2021). The most distinctive feature in the upper part of the
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lower member is the pronounced negative 5'3Carp excursion to values as
low as —8.4%o. Although the robustness of these low values can be
questioned because oxygen isotopes and elemental indices suggest a
greater extent of alteration compared with the lower part, comparable
§'3C,arp values in both limestones and dolomitized samples higher in the
succession (Fig. 2) lend some credence that these values have not been
significantly reset. The absence of covariation between Mg/Ca, Mn/Sr,
5180 and 6'3Ceqr, values in upper part samples also suggests that the
5'3Cearb stratigraphic trends have not been biased by diagenesis.
Notably, although a positive correlation between 613ccarb and 580, as
generally expected in diagenetic carbonates, is not observed, there is
indeed a weak negative covariation between the two parameters within
the lower member as a whole (Fig. 4), which has also been reported by
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Alvaro et al. (2020). Considering the opposite effects of diagenesis on
5'%0 in the lower and upper parts, such a negative covariation might
simply be induced by §'80 variability that is not indicative of systematic
813Ccarb alteration. This observation echoes the previous argument that
the use of 5120 for diagenetic screening becomes more ambiguous when
different diagenetic processes, especially dolomitization, occur (e.g. Li
et al., 2013).

For the middle to upper members of the Villarta Formation, which
have been dolomitized to different degrees, the dolomitized samples
appear to have less negative §'20 values, higher Mn/Sr ratios and lower
Sr concentrations compared to limestone samples (Fig. 2). It is thus also
possible that, as discussed above, most of the elemental and oxygen
isotopic variability was induced by dolomitization. The weak positive
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Ca > 0.06), respectively. The black line in (a) represents the trendline of all samples from the middle to upper member, irrespective of mineralogy.
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covariations among diagenetic indicators in the dolomitized samples
(Fig. 5) provide further support for the inference that dolomitization has
led to Sr loss and 180 enrichment. The limestones in the upper member
are characterised by high Sr concentrations (up to 1139 ppm) and low
5180 values (<—10%o). Similar to the lower part of the lower member,
the low 880 values can be attributed to burial diagenesis (Tucker,
1986). Interestingly, Mn/Sr, 5180 and 5'3Cqy, exhibit strong negative
covariations in the limestones (Fig. 5). However, one would expect the
opposite (i.e. positive correlation between 580 and 5'3Ccarp), had burial
diagenesis reset the carbon isotope compositions (Derry, 2010).
Considering the consistently low Mg/Ca (<0.06) and Mn/Sr (<1) ratios,
we therefore interpret the covariations to correspond to primary strat-
igraphic trends, indicating that the 5'3Cearp, values of limestones have
not been significantly altered. In addition, dolomitized samples show
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neither strong covariation between 580, Mg/Ca, Mn/Sr and 83Cearb
(Fig. 5), nor remarkably different 613Cca,b values from limestones from
the same stratigraphic level (Fig. 2). Therefore, §'3Ccar, values of
dolomitized samples appear little modified. In conclusion, although
carbonate rocks in the Villarta Formation at the Majada section have
been altered by diagenetic processes, we suggest that the carbon isotope
values have not been significantly altered for the purpose of chemo-
stratigraphic correlation.

The 87Sr/%0Sr ratios of carbonate rocks are prone to diagenesis, and
therefore screening is generally applied in SIS studies, including this
study (see Methods), whereby the most evidently altered samples have
not been selected for isotopic analysis. The chosen limestone samples
have high Sr concentrations (792-3365 ppm), low Mn/Sr ratios
(0.08-0.88) and low Fe/Sr ratios (1.08-4.20), which satisfy most
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screening criteria in the literature (see a recent review in X. Chen et al.,
2022). No significant covariations between Mg/Ca, Mn/Sr and 878 /80sr
ratios in limestones are evident. Although their Sr isotope values appear
to covary slightly with Fe/Sr ratios, Sr concentrations and 5180 values
(Fig. 6), it remains unclear whether it truly reflects alteration given the
limited number of data points. During the Ediacaran-Cambrian transi-
tion, the contemporaneous seawater Sr isotope values likely stabilized
at ~0.7085, but do show a certain variability (see Bowyer et al. (2022)
for a compilation). From a conservative view, we consider that the
lowest 87Sr/8%Sr value (0.708512) represents the most pristine value and
thus likely —seawater value, yet other 7Sr/%%Sr values
(0.708630-0.708838) may have been slightly altered. On the other
hand, the dolostone sample is characterized by high Mn/Sr (19.14) and
Fe/Sr (233.14) ratios, low Sr concentration (81 ppm) and a markedly
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higher 875r/80Sr ratio (0.711685) than for coeval seawater (Zhou et al.,
2020; X. Chen et al., 2022), and is likely to have been significantly
altered.

5.1.2. Via Verde section

Depending on the openness of a rock system, ammonium that is
transformed from organic-bound nitrogen, either through organic
remineralisation during early diagenesis or thermal maturation of
organic matter, can be captured by clay minerals or lost from the system.
515N can be a reliable proxy only when the signal is unaltered by post-
depositional processes (Mettam and Zerkle, 2021). At Via Verde, there
is no significant covariation between TN and TOC but with a non-zero y-
axis intercept for the Cijara and Pusa samples (Fig. 7a), suggesting the
existence of both organic- and clay-bound nitrogen. Although

° b
@
(€]
4 .
3 R2=0.0832

515N (%o)
N
°
./

11 @ oo
cg”f - ®
U °
°
11 ®  Re=0.0216
)
-2 . .
0 5 10 15
C/N (molar)
5
e o d
4 4
3 4
3 R®=0.0001 ®
& 2 —e o
z e® o
° - B
°
R?=0.0118 °
-1 4 [©)
°
2 . . .
-38 -34 -30 -26 22
13
5%C, _ (%o)
22
o R2=0091 f
(&)
226 - y/..
2 b ® o
S B I
2 -30 ® ® °
% R? = 0.0343
1o
.34
)
-38 . . .
0 02 0.4 06 08
TOC (wt%)

Fig. 7. Cross plots of (a) TN vs. TOC, (b) 8'°N vs. C/N, (¢) 8'°N vs. TN, (d) 8'°N vs. 613C0rg, (e) 5'°N vs. TOC, and (f) 613C0rg vs. TOC in the Cijara Formation (bule

circles) and the Pusa Formation (red circles) at the Via Verde section, Spain.



K. Zhang et al.

preferential loss of 1*N due to organic matter degradation during early
diagenesis can increase 5!°N values by as much as 4%o (Freudenthal
etal., 2001), the generally low C/N ratios in the Cijara Formation (mean
2.7) and the Pusa Formation (mean 4.7) indicate that liberated NHJ was
largely incorporated into clay minerals (Mettam and Zerkle, 2021),
suggesting minimal influence of early diagenesis on measured 5!°N
values (Stiieken et al., 2016). Allochthonous nitrogen from detrital
minerals (e.g. due to the lithological change) may also cause low C/N
ratios, whereby significant covariation between C/N, TN, and 8'°N
would be expected. However, 5'°N data show no covariation between C/
N and TN in both the Cijara and Pusa formations (Fig. 7b, c), implying
only a limited impact of allochthonous nitrogen on §!°N values.

Thermal alteration during thermal maturation and/or meta-
morphism generally leads to preferential removal of lighter stable iso-
topes (i.e. 12C and 1*N), which produces diagnostic covariation between
8'°N and TN, 5'°N and §'3Corg, 8'°N and TOC, §"*Corg and TOC in
altered rocks (e.g. Mettam et al., 2019). However, no obvious covaria-
tion has been observed among those parameters in either the Cijara or
Pusa formations (Fig. 7c-f). Taken together, our data suggest insignifi-
cant post-depositional alteration of 613C0rg and 8'°N values, which likely
represent primary signatures.

5.2. The BACE excursion correlation
5.2.1. Regional correlation
Despite advances in biostratigraphic correlation of the Ediacaran-

Cambrian boundary in Spain (Jensen et al., 2007; Cortijo et al., 2015;

Pastores section Arrocampo section
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Jensen and Palacios, 2016; Alvaro et al., 2019a), the BACE excursion has
not been explicitly identified in the Toledo-Alcudia Mountains area.
Since multiple transient negative §'3Carp, excursions have been identi-
fied during the late Ediacaran to early Cambrian interval (Nelson et al.,
2023; Bowyer et al., 2023), any identification of BACE requires caution.

The maximum depositional age of the Villarta Formation has been
previously constrained at about 555-550 Ma by correlation with later-
ally equivalent formations (Alvaro et al., 2020), which is in agreement
with a recently reported maximum depositional age of 560 + 2 Ma from
the underlying Castanar Formation using U-Pb chemical abrasion-
isotope dilution-thermal ionization mass spectrometry (CA-ID-TIMS)
on tuffite zircons (Alvaro et al., 2024). At Majada, the well-preserved
limestones near the base of the section document a rise in &'3Cearp
values from negative (—2.5%o) to low positive values (42.7%o), which is
associated with the appearance of Cloudina and a pristine Sr isotope
value of 0.708512 (Fig. 2). Such a temporal pattern resembles closely a
recently recognized negative §'3Cearp e€xcursion in strata from Namibia
(e.g. Bowyer et al., 2022) and South China that is dated at ca. 550 Ma
(Bowring et al., 2007; Yang et al., 2021). This similarity provides sup-
port for the above maximum depositional age for the Villarta Formation
(Alvaro et al., 2020), but does not exclude the possibility for an even
younger age for the base of the Villarta Formation, considering that the
emerging global stratigraphic framework of the late Ediacaran is still
evolving (Bowyer et al., 2022; Bowyer et al., 2023). Trace fossils with
sediment penetration depth around 7 mm in the upper member of Vil-
larta Formation at Majada have been interpreted to imply an earliest
Cambrian age (Alvaro et al., 2020). Although Treptichnus pedum has so
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far not been observed in the Villarta Formation at Majada, it has been
found close to the base of the overlying Arrocampo Formation at a
nearby section (the Arrocampo type area; Jensen and Palacios, 2016). In
conjunction with the presence of Cloudina, Sinotubulites, and Protolagena
in the Villarta Formation (Cortijo et al., 2015), it strongly indicates that
the two formations straddle the Ediacaran-Cambrian boundary (Alvaro
et al., 2020).

Recently, Alvaro et al. (2024) propose that the negative shift of
5'3Cearb to —5.0%o in the uppermost part of the Villarta Formation at
Arrocampo potentially corresponds to the BACE (Fig. 8). BACE identi-
fication at Arrocampo is potentially ambiguous because 8'3Ceqy, values
mostly stabilize at around —3%. there, while a similar negative 613Ccarb
shift from —1.5%o to —4.4%o occurs near the bottom of the section
(Alvaro et al., 2024). Moreover, the pattern of negative 613Ccarb values
interrupted by short-lived positive 8'3Ceay, excursions at Arrocampo
resembles more closely the Fortunian Stage than the late Ediacaran
(Bowyer et al., 2023).

The correlation of the Villarta Formation between Majada and
Arrocampo areas remains contentious, and it should be noted that the
Villarta Formation is composed of dolostone at Arrocampo but com-
prises limestones in its lower member at Majada. Nevertheless, the
negative 5'3Carp excursion identified in the lower member of the Vil-
larta Formation at Majada offers an alternative stratigraphic level for the
BACE (Fig. 8). A similarly positive 513Ccarb excursion to —0.2%o followed
by a swing to more negative values is exhibited near the top of the
Villarta Formation at Majada (Fig. 2), suggesting that the top of the
formation can be correlated between the two areas. If the BACE is sit-
uated in the lower member of the Villarta Formation, the strata at
Arrocampo might thus only record the upper part of the formation.
Consequently, the positive 8'3Cayp, shift near the top may correspond to
2p or 3p (nomenclature from Bowyer et al. 2023), implying that the first
occurrence of T. pedum postdates the positive excursions. If the BACE
occurs in the uppermost part of the Villarta Formation, then the rela-
tively stable negative 8'3Ceay, plateau likely corresponds to a similar,
short-lived negative plateau that precedes the BACE in Laurentia
(Nelson et al., 2023), Mongolia (Smith et al., 2016b; Topper et al.,
2022), and Siberia (Bowyer et al., 2023), implying a significantly higher
sedimentation rate at Arrocampo. As such, the model of Alvaro et al.
(2024) likely places the first occurrence of T. pedum just after the BACE
and well before the 2p excursion peak. Although both models require
more testing, we note that T. pedum mostly occurs no earlier than peak
2p in successions where both T. pedum and the BACE have been iden-
tified (Bowyer et al., 2023).

The Cijara Formation is correlated with the Ibor Group in the Toledo-
Alcudia Mountains, and its age has been constrained to latest Ediacaran
based on published detrital zircon ages (Talavera et al., 2012; Linne-
mann et al., 2018). At Via Verde, the Cijara Formation, dominated by
siliciclastic sediments, mostly has 613C0rg values of around —26%o. The
most prominent feature is that it contains a significantly lower value of
—35.6%o in its middle-upper part, stratigraphically below occurrences of
treptichnids and Treptichnus pedum (within the Pusa Formation).
Allochthonous Cloudina found above the prominent negative value is
proposed to be derived from previously deposited formations (Alvaro
et al., 2019a). We tentatively suggest that the interval with the promi-
nent negative value may correspond to the BACE, and acknowledge that
a more detailed study with higher-resolution data would be needed to
confirm this.

The Unit IV in the Ciudad Rodrigo-Hurdes-Sierra de Gata domain and
the Ibor Group and Cijara Formation in the Toledo-Alcudia Mountains
are regionally correlated in Central Iberia (Valladares, 1995; Alvaro,
2020). The Unit IV, up to 500 m thick, is dominated by black shales,
which has been suggested to represent deposition in a slope environ-
ment (Valladares, 1995). It contains a lenticular siliciclastic-carbonate
level in its upper part, probably derived from the adjacent platform
margin by turbidity currents (Valladares et al., 2006). The carbonate
level in the Unit IV reveals similar 87Sr/%0Sr ratios to the Villarta
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Formation (~0.7085; Valladares et al., 2006). The unconformably
overlying Unit V is a calcareous megabreccia with blocks containing
allochthonous Cloudina derived from previously deposited units (Val-
ladares et al., 2006). Ichnofossils such as Psammichnites and small shelly
fossils (aff. Aldanella) appear higher in the succession (Valladares et al.,
2006). Therefore, Unit IV was proposed to be deposited close to the
Ediacaran-Cambrian boundary (Valladares et al., 2006).

Valladares et al. (2006) reported a carbon isotope profile of the
carbonate level in the Unit IV at Pastores (SW Salamanca, Central Ibe-
ria), which is about 25 m thick and mainly composed of bedded lime-
stones and calcareous breccias. The 613Cmrb values of the carbonate level
range between —8.7%o and —0.5%0 (Valladares et al., 2006), with a
pronounced negative 5'3Cearp, excursion in its lower part (Fig. 8).
Although the concept of a BACE excursion had not yet been widely
accepted (e.g. Zhu et al.,, 2006), they proposed that the negative
excursion at Pastores could potentially be correlated with Ediacaran-
Cambrian boundary sections in Mongolia, Oman and Morocco because
of the overall comparable carbon and strontium isotope values. None-
theless, Valladares et al. (2006) rejected the very negative 5'3Cearb
values in the light of simultaneously increased Mn/Sr and %Sr/%sr
ratios and negative covariation between 613Cmb and %Sr/%%Sr ratios
from the same level. However, Mn/Sr may not always be a robust in-
dicator for diagenetic alteration (Derry, 2010). The negative covariation
between 8'%Cear, and Sr/8%Sr ratios may also not necessarily suggest
isotope resetting but could reflect a primary stratigraphic trend. Indeed
a similar relationship has been observed during periods of negative
613Ccarb values, such as the Shuram/DOUNCE (Sawaki et al., 2010) and
WANCE excursions (B. Chen et al., 2022). Therefore, we consider that
the 8'3Cearp values of the carbonate level are not significantly modified
and retain those values for chemostratigraphic correlation. At Pastores,
613Ccarb stabilizes at around —2%o before plunging to —8.7%o. Similarly,
8'3Cearp Of the Villarta Formation at Majada oscillates around —2%o
before a significant negative value of —8.4%.. Above the excursion,
§'3Carp remains negative at both sections (Fig. 8). Combined with the
discussion above, the similarity in Slsccarb profiles between Pastores and
Majada thus supports correlation of the two stratigraphic units.

5.2.2. Global correlation

The Global Stratotype Section and Point (GSSP) of the Ediacaran-
Cambrian boundary is located at the Fortune Head section, Burin
Peninsula, Newfoundland, Canada at a level guided by the first
appearance datum (FAD) of the complex trace fossil Treptichnus pedum
(Brasier et al., 1994). However, the use of the FAD of T. pedum in the
definition of the Cambrian base, in the absence of additional criteria, has
been challenged due in large part to its strong facies dependence (e.g.
Zhu et al., 2019; Peng et al., 2020; Topper et al., 2022; but see Buatois,
2018). Several other potential markers are thus proposed, including the
FAD of typical Cambrian small shelly fossils, e.g. Anabarites trisulcatus
and Protoherzina anabarica; the FAD of the Asteridium-Heliosphaeridium-
Comasphaeridium (AHC) acritarch Assemblage; and the basal Cambrian
carbon isotope excursion (BACE) (see Zhu et al., 2019 for a review).
Nevertheless, the preservation of all of these fossils is also constrained by
sedimentary facies and physiochemical conditions of sediments, and
each of these comes with similar, or bigger problems, making the global
correlation of biostratigraphy of the Ediacaran-Cambrian transition in-
terval difficult. In this regard, the BACE excursion that has been found
on multiple paleocontinents is becoming increasingly applied as an
auxiliary means to recognize a horizon apparently close to the
Ediacaran-Cambrian boundary as currently defined (e.g. Amthor et al.,
2003; Bartley et al., 1998; Brasier et al., 1996; Hodgin et al., 2021;
Maloof et al., 2005; Smith et al., 2016a; Topper et al., 2022; Zhu et al.,
2003).

As shown in Fig. 9, the carbonate carbon isotope record at the
Majada section can potentially be correlated with sections from
Mongolia (Topper et al., 2022), USA (Smith et al., 2016a), South China
(Lietal., 2013), Oman (Amthor et al., 2003) and Mexico (Hodgin et al.,
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Fig. 9. Global carbonate carbon isotope stratigraphic correlation during the Ediacaran-Cambrian transition. The symbol of T. pedum above the stratigraphic columns
indicates that they have been observed at a higher stratigraphic level. The Bayan Gol section is modified after Topper et al. (2022). The composite Mount Dunfee
section is modified after Smith et al. (2016a), and the constraint of maximum depositional age for the recovery of BACE is from Nelson et al. (2023). At the Xiaotan
section, the carbon isotope data are from Li et al. (2013), while the age constraint and occurrence of fossils are from Yang et al. (2021) and Yang et al. (2016),
respectively. The carbon isotope data and age constraint for the Ara Group in the Salt Basin, Oman are from Amthor et al. (2003) and Bowring et al. (2007),

respectively. The Cerro Rajon section is modified after Hodgin et al. (2021).

2021). All of these sections have independent evidence (e.g. fossil oc-
currences, radiometric dating, carbon and strontium isotope ratios)
confirming that they straddle the Ediacaran-Cambrian boundary. The
shape of 8'3Cayp, profiles before the purported BACE excursion is similar
for these sections in that there is a decreasing trend either abruptly or
gradually from positive values to negative values (Fig. 9). The positive
613Cmrb values oscillating around +2-4%o before the BACE excursion are
often referred to as the late Ediacaran positive carbon isotope plateau
(EPIP; Zhu et al., 2017). Interestingly, new data from Mongolia, Spain,
USA and Mexico reveal that the 613Ccarb values decline to around —2%o
after the EPIP and remain relatively stable before the BACE excursion
(Fig. 9), to which we tentatively refer as the late Ediacaran negative
carbon isotope plateau (ENIP). The absence of the ENIP at Xiaotan
(China) and in Oman can be attributed to depositional hiatuses before
the BACE (Yang et al. 2016; Zhu et al., 2019), leading to incomplete
613ccarb profiles, although there is doubt whether the excursion in Oman
truly represents the BACE (e.g. Hodgin et al., 2021; Bowyer et al., 2022;
Nelson et al., 2022; Nelson et al., 2023). It thus appears to be evident
that instead of plunging directly into the BACE from the EPIP, 613Ccarb
values exhibit a negative plateau before the excursion, which may be
important for estimating the duration and magnitude of carbon isotope
change. Although it is beyond the scope of this study, 613Ccarb values
lower than the average crustal carbon value would require additional
isotopically light carbon input that may be derived from organic matter
oxidation (e.g. Shields et al., 2019) and/or volcanism (Hodgin et al.,
2021; Smith et al., 2023). Along with the presence of EPIP, ENIP, and
BACE, it is clear that there were considerable perturbations to the global
carbon cycle at this critical junction of biological evolution.

The ash bed near the zenith of the BACE excursion in the A4C
member of the Ara Group in Oman yielded a zircon U-Pb CA-ID-TIMS
age of 541.00 + 0.13 Ma (Fig. 9; Bowring et al., 2007). More recently,
the sandy dolostone bed that is 20 m above the nadir of the BACE
excursion in the La Ciénega Formation, Mexico yielded a zircon U-Pb
CA-ID-TIMS age of 539.40 + 0.23 Ma, which is interpreted to represent
the maximum depositional age (Fig. 9; Hodgin et al., 2021). By contrast,
the Spitskop Member at Swartpunt in Namibia exhibits constant positive
613ccarb values at ~1%o, the ages of which have been constrained to be
older than 538.58 + 0.19 Ma by a zircon U-Pb CA-ID-TIMS age from an
ash bed in the overlying Nomtsas Formation (Linnemann et al., 2019).
To reconcile the age and carbon isotope discrepancies, Hodgin et al.
(2021) proposed that the carbonate carbon isotope data from the
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Spitskop Member reflect a local, distinct dissolved inorganic carbon
pool, whereas Nelson et al. (2022) suggested that the absence of the
BACE in the upper Nama Group is because the excursion is younger than
carbonates of the Schwarzrand Subgroup. In other words, they proposed
that the BACE should be younger than 538 Ma based on high resolution
carbonate carbon isotope data and zircon U-Pb CA-ID-TIMS ages of ash
beds from the Schwarzrand Subgroup at the Neint Nababeep Plateau
(South Africa). In Nevada, regional stratigraphic correlation and detrital
zircon U-Pb CA-ID-TIMS ages from the lower Wood Canyon Formation
also suggest the recovery of BACE younger than 532.83 + 0.98 Ma
(Nelson et al., 2023). It should however be noted that such young ages
for the recovery of BACE place it close to the currently proposed ages of
approximately 532-531 Ma for the base of Cambrian Stage 2 (e.g.
Bowyer et al., 2022), seriously shortening the Fortunian Stage. Further
to this, radiometric ages of approximately 532 Ma in New Brunswick
overlie Cambrian-type trace fossils in the dated section and the most
likely correlation of these New Brunswick ashes into Newfoundland is
within the second Cambrian trace fossil zone (Hamilton et al., 2024).
Assuming that T. pedum universally postdates BACE, this would either
suggest that these young ages do not reflect the recovery of BACE or,
invite the probably unlikely scenario of the recovery of BACE, the
appearance of T. pedum and the base of Cambrian Stage 2 spanning a few
million years or less.

5.3. Nitrogen cycling across the Ediacaran-Cambrian transition in the
Central Iberian Zone

N, fixation by diazotrophs is the major source of nitrogen to the
marine system. The nitrogen isotope fractionation associated with Ny
fixation is generally small (eproduct-reactant = —2%o0 to +1%o), leading to
5N of NH{ close to that of atmospheric Ny (~0%o; Stiieken et al.,
2016), although alternative Fe- or V-nitrogenases can induce substantial
isotope fractionation of —6%o to —8%o (Zhang et al., 2014). NHZ un-
dergoes microbially mediated oxidation to nitrite (¢ = +14%o to +38%o)
and then nitrate (¢ = —13%o) under oxic conditions (nitrification), with
each step imparting significant isotope fractionation (Casciotti, 2009).
However, such isotope fractionations are usually suppressed in modern
oceans because nitrification is rapid and quantitative. The fixed nitrogen
is converted into No/N5O via denitrification (NO3 — Ny) or anammox
(NO3 + NH4+ — Ny) occurring in suboxic water columns or pore waters
with a significant isotope fractionation (¢ > —25%o), which leaves the
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residual NO3 pool isotopically heavier (Gruber and Sarmiento, 1997;
Johnson et al., 2017). Under nitrate limited conditions, dissimilatory
nitrate reduction to ammonium (DNRA; NO3 — NHJ) is probably more
favourable (Mettam and Zerkle, 2021), which also leads to residual NO3
enriched in !N (Chen et al., 2019). The balance of nitrogen input (N3
fixation) and output (denitrification and anammox) ultimately controls
the 8'°N values of marine biomass. In modern oceans, the §'°N value is
on average +5%o (+3%o to +14%o) signifying ~25 % or 32 % of NO3
denitrified to Ny in the water column (Stiieken et al., 2016), whereas
dynamic variations in ocean redox states and nutrient cycles through
Earth’s history can produce a wider range of 5!°N values in geological
records (e.g. Wang et al., 2018).

The 5'°N values at Via Verde mostly fluctuate at around -+0.7%o in
the lower-middle part (possibly late Ediacaran) and show a decreasing
trend from +0.98%0 to —1.49%o in the upper part (possibly earliest
Cambrian) of the Gijara Formation (Fig. 3). The atmospheric-like 5!°N
values (—2%o to +1%o) are usually interpreted as (i) assimilation of NO3
in a fully oxygenated ocean with denitrification restricted in sediments
and/or (ii) dominant No-fixation via Mo-based nitrogenase (e.g. Zerkle
et al., 2008; Chen et al., 2019). The first scenario can be excluded here
given that mounting evidence suggests dynamic redox variability of the
atmospheric-ocean system during the Ediacaran-Cambrian transition
interval (e.g. Zhang et al., 2018; Tostevin et al., 2019; Wei et al., 2020).
Biological N-fixation converts No into bioavailable NH4, which can
serve as the nutrient to be assimilated either partially or quantitatively
(e.g. Higgins et al., 2012). However, as biomass favours incorporation of
isotopically light N, partial assimilation of NHj can produce isotopically
light biomass (< —2%o) and a heavy residual NH4 pool (> +1%o) that can
be sequestered in sediments elsewhere, which will lead to large isotopic
fluctuations and spatial variability (Papineau et al., 2009; Chen et al.,
2019; Wang et al., 2020). Such prediction is inconsistent with the
observation in the Cijara Formation whose &!°N values are overall in the
range of —2%o to +1%o.. Furthermore, abundant dissolved ammonium
would suppress Ny fixation because of its high energy demand (Stiieken
et al., 2021), which would in turn prevent ammonium concentration
from being too high, making quantitative assimilation of ammonium
more likely. Therefore, the 5'°N in the Cijara Formation at Via Verde is
most parsimoniously explained by dominant Nj-fixation with only
modest recycling of an ammonium reservoir. When compared with the
late Ediacaran-earliest Cambrian 5!°N values in South China (e.g. Wang
etal.,, 2018), §!°N data from the Cijara Formation reveal a similar trend,
i.e. relatively stable in the late Ediacaran and decreasing values through
to the earliest Cambrian. However, the '°N values in the slope of South
China are generally greater than +2.0%o in the late Ediacaran (Chen
et al., 2019), while contemporaneous Central Iberia shows 515N values
generally lower than +1.0%o. This suggests a heterogeneous distribution
of NO3 and/or NHJ reservoirs in late Ediacaran oceans, and a shallower
redox chemocline in Central Iberia. The negative shift of 5!°N in the
earliest Cambrian could indicate expanded anoxia with further shoaling
of the redox chemocline (e.g. Cremonese et al., 2013; Wang et al., 2018).

The 8'°N values are overall higher than +1.0%0 and can be as high as
+4.6%o0 in the lower part of the Pusa Formation (possible Fortunian
Stage; Fig. 3), which is consistent with coeval 515N data from South
China (e.g. Wang et al., 2018; Wei et al., 2021). The high positive 51°N
values are often attributed to (i) partial nitrification followed by quan-
titative assimilation of NH and NO3, (ii) partial assimilation of NO3
and/or NHZ, and (iii) partial removal of fixed nitrogen, i.e. denitrifi-
cation, anammox, or DNRA (e.g. Ader et al., 2016; Stiieken et al., 2016;
Chen et al., 2019). While partial nitrification has only been reported in
the modern Bering Sea with seasonally variable oxygen contents
(Granger et al., 2011; Morales et al., 2014), partial assimilation mostly
occurs today at high latitudes and equatorial upwelling zones with
abundant NO3 (Tesdal et al., 2013). Furthermore, the first and second
scenarios would require the existence of both 1°N depleted (negative)
and enriched (positive) records (e.g. Chen et al., 2019), which has not
been observed so far in the Pusa Formation. In a redox stratified water
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column that is typical of the Ediacaran-Cambrian ocean (e.g. Shields,
2017), partial removal of fixed nitrogen occurs at the oxic/suboxic
interface, rendering the residual NO3 pool in shallow seawater enriched
in 15N (Kritee et al., 2012; Stiieken et al., 2021). Once utilized by nitrate
assimilators, the high positive 5'°N values can be transferred into sedi-
ments. However, such a signal can only be expressed when there is a
stable nitrate reservoir; otherwise N fixation triggered by N limitation
due to intense N loss would dominate 3'°N signals (e.g. Kipp et al.,
2018). Therefore, the 5'°N data fluctuating at ~1.5%o with punctuated
high positive values in the Pusa Formation are mostly consistent with a
temporally varied small to moderate nitrate reservoir and aerobic N
cycling during its deposition. Overall, the 8'°N data suggest that the
nitrogen biogeochemical cycle in Central Iberia likely transformed from
predominantly anaerobic to aerobic recycling during deposition of the
Cijara through Pusa formations, although we stress that more analyses at
higher resolution and from different local sections are needed to delin-
eate the full picture of N cycling in Central Iberia.

5.4. Implications for biotic turnover across the Ediacaran-Cambrian
transition

Ediacaran biota represents the first radiation of large, complex
multicellular eukaryotes including animal groups seemingly without
modern representatives. They disappeared across the Ediacaran-
Cambrian transition to be succeeded by successive radiations of
Cambrian biota (the ‘Cambrian Explosion’), representing the appear-
ance of many extant animal clades (e.g. Xiao and Laflamme, 2009).
Either pulsed extinction due to dramatic environmental changes or
gradual biotic replacement due to resource competition and ecosystem
engineering has been proposed to give rise to this biotic turnover,
although these two may not be mutually exclusive (e.g. Amthor et al.,
2003; Laflamme et al., 2013; Darroch et al., 2015; Darroch et al., 2023;
Mussini and Dunn, 2023).

The terminal Ediacaran biota is characterized by a reduction in soft-
bodied macrofossil diversity as well as the appearance of organic-walled
and skeletal tubular fossils (Jensen et al., 2006). Recent progress reveals
the temporal overlap between some typical late Ediacaran skeletal fos-
sils and small skeletal fossils commonly interpreted as Cambrian in age
(e.g. Bowyer et al.,, 2023). In Mongolia, the cloudinid Zuunia chi-
midtsereni co-occurs with the protoconodont Protohertzina anabarica in
the lower Bayangol Formation above the BACE excursion (Fig. 9; Topper
et al., 2022). In South China, Cloudina was found to co-occur with
Anabarites trisulcatus in the lower Kuanchuanpu Formation (Yang et al.,
2016), but their exact position relative to the BACE remains uncertain
(Bowyer et al., 2022). The terminal Ediacaran Dengying Formation at
Lijiagou in South China also records the co-occurrence of Cloudina and
Sinotubulites with possible early Cambrian shelly fossils, similar to
Anabarites trisulcatus (Cai et al., 2019). In Siberia, typical Ediacaran and
Cambrian skeletal fossils (Cloudina, Anabarites, Protohertzina) have been
recovered from the Ust’-Yudoma Formation at Kyra-Ytyga, which is
thought to have been deposited before the BACE excursion (Zhu et al.,
2017), although the assignment of an Ediacaran age for the formation
has recently been questioned (Topper et al., 2022). Bowyer et al. (2023)
elaborated two age models for the Kyra-Ytyga cloudinids in which they
are either pre-BACE or late Fortunian. They do not express a preference
for either model but note that a late Fortunian age would be excep-
tionally young for the genus. In line with earlier studies they stress the
co-occurrence of what has been traditionally viewed as distinct Edia-
caran and Cambrian faunal elements at the Kyra-Ytyga section. In the
Nama Group of Namibia and South Africa, the BACE excursion has not
been identified, possibly because the Schwarzrand carbonates are older
than the excursion (Nelson et al., 2022). The proposed Ediacaran-
Cambrian boundary there is defined by the occurrence of complex
trace fossils with an age of ca. 538.8 Ma (Linnemann et al., 2019; Peng
et al., 2020), although a higher placement of the boundary can also be
argued for. Some relatively complex trace fossils have also been found
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below the proposed boundary, while the stratigraphically highest oc-
currences of Cloudina postdate the first Treptichnus in the Urusis For-
mation, with undoubted Treptichnus pedum first appearing in the
overlying Nomtsas Formation (e.g. Jensen et al., 2000; Jensen and
Runnergar, 2005; Buatois et al., 2018; Nelson et al., 2022). The
morphologically complex trace fossil Streptichnus dated at about 539 Ma
overlaps the range of Cloudina (Linnemann et al. 2019). Overall, these
paleontological findings thus suggest a stronger evolutionary connection
than previously thought between typical Ediacaran and Cambrian
biotas.

Nonetheless, we highlight that although the tubular skeletal fossils,
e.g. Zuunia chimidtsereni, can occur above the BACE excursion, the
typical late Ediacaran index fossil, Cloudina, has not been found above
the BACE excursion (unless this is the case at Kyra-Ytaga), while clou-
dinids have also not been found unambiguously to co-occur with Trep-
tichnus pedum. Furthermore, it appears that T. pedum is exclusively found
above the BACE excursion in successions where both the BACE and
T. pedum have been anchored (Fig. 9), possibly reflecting a genuine
evolutionary order of these key marker fossils. Regardless of the two
possible positions for the BACE excursion in Central Iberia (Fig. 8), the
occurrence of Treptichnus pedum and autochthonous Cloudina is found
stratigraphically above and below the BACE, respectively (Fig. 8),
reinforcing the emerging temporal framework of index fossils during the
Ediacaran-Cambrian transition interval.

6. Conclusions

We present geochemical data from two carbonate-siliciclastic sec-
tions straddling the Ediacaran-Cambrian interval in Central Iberia,
Spain. Given the biostratigraphic context and the fidelity of measured
carbon isotope trends, the negative carbon isotope excursion in the
lower member of the Villarta Formation at Majada possibly represents
the basal Cambrian carbon isotope excursion (BACE). The lower Villarta
Formation at Majada also reveals a rise from negative to low positive
613Cmrb values, which is associated with the first appearance of Cloudina
and the most pristine 8’Sr/%Sr ratio of 0.708512, indicating that the
lower Villarta Formation is correlative with the terminal Ediacaran
strata in China and Namibia. 5'°N data from the Via Verde section reveal
a similar trend to that reported from South China during the Ediacaran-
Cambrian transition interval, but show relatively lower values in the late
Ediacaran. We suggest that nitrogen cycling in Central Iberia possibly
evolved from anaerobic to aerobic across the Ediacaran-Cambrian
transition, although this needs to be constrained by more analyses
from correlative successions.

Based on the global correlation of sections across the Ediacaran-
Cambrian transition interval, it seems that the first appearance of
Treptichnus pedum exclusively occurs stratigraphically above the BACE
excursion, while the last appearance of the late Ediacaran index fossil
Cloudina has so far only been found below the BACE excursion. The
emerging global chemostratigraphic framework also indicates a nega-
tive 513C plateau before the BACE excursion. The presence of late Edi-
acaran positive and negative plateaus and the BACE excursion suggest
that the global carbon cycle experienced significant perturbations across
the Ediacaran-Cambrian transition interval.
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