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Density stratification between freshwater and brine is periodically formed during massive
evaporation events, which often associates deposition of organic-rich sediments. Here,
we investigated phototrophic communities and nitrogen cycle during the deposition
of two organic-rich shale beds of gypsum-shale alternation, representing the initial
stage of the Messinian salinity crisis (Vena del Gesso, Northern Apennines, [taly).
The structural distributions and the carbon and nitrogen isotopic compositions of
geoporphyrins show a common pattern in the two shales, indicating the predominance
of a particular phototrophic community under freshwater-brine stratified conditions.
The ~6% difference in 8'3C of total organic carbon between PLG 4 and 5 shales
was associated with similar shift in 8'3C of the porphyrins derived from chlorophyll ¢,
suggesting that the eukaryotic algae producing chlorophyll ¢ were the major constituent
of the phototrophic community. Importantly, these porphyrins show 8'°N values (—7.6-
—4.7%0) indicative of No-fixation. We suggest that nitrate-depletion in the photic zone
induced the predominance of diazotrophic cyanobacteria, which supplied new nitrogen
for the chlorophyll c-producing eukaryotic algae. The large difference in the 8'3C values
of porphyrins and total organic carbon between PLG 4 and 5 shales are interpreted
to reflect the depth of the chemocline, which fluctuates in response to changes in
the regional evaporation—precipitation balance. Such variation in the chemocline depth
may have dynamically changed the mode of the nitrogen cycle (i.e., nitrification—
denitrification—No-fixation coupling vs. phototrophic assimilation of ammonium) in the
density-stratified marginal basins during the Messinian salinity crisis.

Keywords: Messinian salinity crisis, organic-rich shale, density stratification, No-fixation, porphyrins, carbon
isotope, nitrogen isotope

in the Organic-Rich Shales Deposited
Under a Stratified Environment During
the Messinian Salinity Crisis (Vena del
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Abbreviations: BiCAP, bicycloalkanoporphyrin; DDAs, diatom-diazotrophic associations; DIC, dissolved inorganic carbon;
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INTRODUCTION

Density stratification between water masses having distinct
salinity is commonly formed in hypersaline environments.
In particular, stratification between freshwater and brine is
periodically formed during past massive evaporation events,
which is known to have occurred repeatedly in the geological past
(Hay et al., 2006; Warren, 2010). Formation of surface freshwater
layer must have resulted in temporal relief of organisms from
salinity stress and the formation of anoxic bottom water mass,
which substantially modify the biogeochemical cycle and thus its
global influence. Indeed, such environmental condition is often
associated with the deposition of organic-rich sediments, which
intercalate evaporite beds synchronous with climatic oscillations
(Warren, 2016). To understand the evolution and consequences
of the massive evaporation events, it is essential to reveal the
biogeochemical cycle of freshwater-brine stratified condition.

At end of the Miocene, between 597 and 5.33 Ma, the
Mediterranean Sea experienced one of the greatest evaporation
events in the Earth’s history, known as the Messinian salinity
crisis (MSC; Hsti et al., 1973; Krijgsman et al., 1999; Rouchy
and Caruso, 2006; Ryan, 2009; Roveri et al., 2014, and references
therein). During the first stage of the MSC (5.97-5.60 Ma),
up to 16 lithological cycles, given by the superposition of thin
organic-rich shale or marl and tens of meters-thick primary
bottom-grown gypsum beds (CaSO4-2H,0), were deposited in
the marginal shallow (<200 m) basins of the Mediterranean
(Figure 1, Primary Lower Gypsum: PLG; Lugli et al, 2010).
These cycles record a ~21 kyr precession-driven alternation of
climatic and paleoceanographic conditions; arid climate phase
precipitating gypsum punctuated by inflows of continental
freshwater during the humid climate phase causing water
column stratification and the deposition of organic-rich shales
(Lugli et al., 2010).

The representative PLG section outcrops in the Vena del
Gesso basin of the Northern Apennines, Italy (Lugli et al,
2010; Roveri et al., 2014). Biomarkers indicative of phototrophs
such as diatoms, dinoflagellates, and cyanobacteria have been
reported from these PLG shales, as well as isorenieratane derived
from green sulfur bacteria which suggests periodical intrusion
of euxinic water masses into the photic zone (Keely et al., 1995;
Kenig et al., 1995; Schaeffer et al., 1995; Sinninghe Damsté
et al, 1995). Determining the dominant primary producer
among these phototrophs is of critical importance, as the
composition of phototrophic community is intimately related
to the efficiency of export production (Berger et al, 1989;
Honjo et al., 2008). Accordingly, it is also necessary to reveal
the nutrient dynamics of the system, because its availability
is a fundamental controlling factor for the composition and
primary productivity of the phototrophic community. However,
extraction of marine signal is complicated by the presence of
considerable amount of terrigenous organic matter in the PLG
shales (Sinninghe Damsté et al., 1995).

Geoporphyrins  are  tetrapyrrole molecules derived
mainly from chloropigments (i, chlorophylls and
bacteriochlorophylls) that are preserved in sediments on a
geological timescale. Previous investigations have revealed

precursor-product relationships between chloropigments and
geoporphyrins (summarized in Treibs, 1936; Baker and Louda,
1986; Callot and Ocampo, 2000; Keely, 2006). Moreover, the
carbon and nitrogen isotopic compositions of geoporphyrins
retain the original signals of the chloropigments, which strongly
reflect those of the source phototrophs (Sachs et al, 1999
Ohkouchi et al.,, 2006, 2008; Higgins et al., 2011). Therefore,
structural and isotopic information of geoporphyrins in the
geological samples provide us insights into phototrophic
community as well as carbon and nitrogen cycles of past
environments (Hayes et al., 1987; Boreham et al., 1989, 1990;
Ocampo et al., 1989; Popp et al., 1989; Chicarelli et al., 1993;
Keely et al., 1994; Ohkouchi et al., 2006, 2015; Kashiyama et al,,
2008a,b, 2010; Higgins et al., 2012; Junium et al., 2015; Gueneli
et al,, 2018; Isaji et al., 2019). Importantly, geoporphyrins in
marine sediments are mostly derived from marine phototrophs,
because the turnover rate of aquatic chlorophylls are substantially
faster than that of terrestrial chlorophylls (Hendry et al., 1987),
and most chlorophylls produced by the terrestrial plants are
enzymatically decomposed during senescence of the leaf (e.g.,
Matile et al., 1996), degraded by bacteria in soils (Hoyt, 1966),
and readily oxidized during transport (Sanger, 1988).

This study focuses on two shale beds of the PLG sequence in
the Vena del Gesso basin, deposited during the initial stage of
the MSC. We identified the structures and determined carbon
and nitrogen isotopic composition of individual geoporphyrins
in each shale bed, which provided information on the dominant
phototrophs and the carbon and nitrogen cycles during their
deposition. The nitrogen cycle is of particular importance
in stratified environments, as the combination of aerobic
(e.g., nitrification) and anaerobic processes [e.g., denitrification,
anaerobic ammonium oxidation (anammox)] has the potential
to dynamically change the availability of nitrogenous nutrients
(e.g., NO3;~, NHyt, dissolved organic nitrogen) in the photic
zone (e.g., Brandes et al., 2007). The results provide fundamental
insights into the biogeochemical cycle of a density-stratified
condition, which occurred widely and repeatedly in the
Mediterranean Sea during the salinity crisis.

MATERIALS AND METHODS

Geological Setting and Sample

Description

The Monte Tondo quarry is located in Vena del Gesso basin
(Northern Apennines, Italy; Figure 1), where the evaporitic
sequence consists of 16 cycles of thick gypsum beds (up to
30 m) intercalated with thinner organic-rich shale beds (<1 m;
Lugli et al.,, 2010). The facies association and Sr isotope record
suggest that the Vena del Gesso succession was deposited in
a restricted marginal basin of the circum-Mediterranean Basin,
in water depth of less than 200 m, where the oceanographic
conditions were strongly affected by continental inflow (Lugli
et al., 2010). The precipitation of gypsum occurred during the
arid climate phase of the ~21 kyr precessional cycle, which was
interrupted by continental water inflow during the humid climate
phase, resulting in water column stratification and the deposition
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FIGURE 1 | (A) Map of the Mediterranean Sea showing the distributions of Messinian evaporites (after Ryan, 2009; Manzi et al., 2012). Samples were collected from
the Monte Tondo quarry of the Vena del Gesso. (B) Stratigraphic column of cycles 3, 4, and 5 of the Primary Lower Gypsum (PLG) deposited during the Messinian
salinity crisis. The shales analyzed in this study were deposited during the humid climate phases of the insolation maxima. Modified after Lugli et al. (2010). (C) The
boundary between the 4th and 5th cycles at the Monte Tondo quarry of the Vena del Gesso. Samples were collected from the middle part of the shale beds. Written
informed consent was obtained from the individual for the publication of this image.

of organic-rich shales (Krijgsman et al., 1999; Lugli et al., 2010;
Reghizzi et al., 2018).

Gypsum beds of each cycle in the PLG are numbered from
cycle 1 at the bottom to cycle 16 at the top (Lugli et al., 2010). We
sampled shale beds in the PLG section at the base of cycles 4 and
5 (herein referred to as the PLG 4 and PLG 5 shales, respectively;
Figures 1B,C). Each sample was taken from the middle part
of the shale bed.

Analytical Procedures

Isolation and Purification of Geoporphyrins

The experimental procedures used in this study were
modified from those reported by Kashiyama et al. (2007).
Geoporphyrins in pulverized sediment samples (PLG 4 shale:

~500 g, PLG 5 shale: ~200 g) were extracted five times
with dichloromethane:methanol (7:3, v/v) by sonication for
15 min. The extract was then separated with silica gel column
chromatography. The low-polarity fraction was collected with
dichloromethane and the polar fraction was collected using
a mixture of dichloromethane and an increasing proportion
of methanol. Nickel boride was added to the polar fraction to
release the sulfur-bound compounds, following the methods
of Schouten et al. (1993). The released sulfur-bound fraction
was then separated again into low-polarity and polar fractions
with silica gel column chromatography. Then, the low-polarity
fraction was further separated into six sub-fractions again
using silica gel column chromatography, which was deactivated
with 1 wt% of HyO. The nickel alkylporphyrin fraction,
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which was evident as a pink-colored band, was collected using
n-hexane:dichloromethane (1:1, v/v). Prior to analysis with
high-performance liquid chromatography (HPLC), the Ni
alkylporphyrin fraction was passed through a C;g column using
N,N-dimethylformamide as the mobile phase.

The individual Ni alkylporphyrins were isolated and purified
with dual-step HPLC analysis. A reverse-phase HPLC analysis
(Agilent 1260 series, Agilent Technologies, Santa Clara, CA,
United States) was performed using an Agilent Zorbax SB-C;g
column (4.6 mm x 500 mm; 5 pm silica particle size) with a
guard column (4.6 mm x 12.5 mm; 5 pm silica particle size).
The porphyrins were eluted isocratically with acetonitrile:N,N-
dimethylformamide:pyridine:acetic acid (80:20:0.5:0.5, v/v/v/v)
at a flow rate of 1 mL min~! and a column temperature of 20°C.
A photodiode-array detector was used to detect the porphyrins
and each peak was collected with a fraction collector. Further
purification of the collected peaks was achieved by normal-phase
HPLC analysis (Agilent 1200 series, Agilent Technologies) with
an Agilent Zorbax SIL column (4.6 mm x 500 mm; 5 pm silica
particle size) with a guard column (4.6 mm X 12.5 mm; 5 pm
silica particle size). The mobile phase for the isocratic analysis
was n-hexane:acetone:pyridine:acetic acid (96:3:0.5:0.5, v/v/v/v)
at a flow rate of 1 mL min~!. The column temperature was 10°C
for peaks 1, 2, and 6, and 15°C for peaks 3, 4, and 5.

Stable Carbon and Nitrogen Isotopic Compositions
The stable carbon and nitrogen isotopic compositions of the
individual geoporphyrins and bulk sediments were determined
with a sensitivity-enhanced Flash EA1112 elemental analyzer
connected to a Thermo Finnigan Delta plus XP IRMS via
a ConFlo III Interface (Ogawa et al, 2010). The purified
porphyrins were dissolved in trichloromethane, transferred to
pre-cleaned, smooth-wall tin capsules, and the solvents were
carefully dried before analysis. The carbon and nitrogen isotopic
compositions are expressed as conventional § notation relative
to VPDB and AIR, respectively. The analytical precisions
for the porphyrin isotopic measurements, determined
based on replicate measurements of Ni-octaethylporphyrin
(8'°N = +0.86%0, 8'*C = —34.17%) as our laboratory standard,
were within £0.3%¢ for 3'3C and +0.8%¢ for 3'°N. For the
bulk measurements, the deposits were powdered and treated
with 0.1 mol L=! HCl to remove CaCO; in precleaned
smooth-wall tin capsules before analysis. The analytical
precisions were determined based on replicate measurements
of Ni-octaethylporphyrin and L-tyrosine (3'°N = +8.74%o,
813C = —20.83%; Tayasu et al.,, 2011), and were within 4-0.2%o
for 313C and £0.5%q for §°N.

Structure Assignments

The molecular structures were tentatively assigned for the
compounds 1a, 1b, 3b, and 6a based on UV-Vis spectra, HPLC/MS
mass spectra, and comparison with the relative retention times of
those published in the literature (Sundararaman and Boreham,
1993; Kashiyamaetal.,2010). The mass spectra were obtained from
m/z 400 to 1200 with atmospheric pressure chemical ionization
(APCI) mass spectrometry in positive-ion mode using an Agilent
HPLC 1260 Infinity coupled to a 6460 Triple Quadrupole (QQQ)

LC/MS system. The APCI conditions were set as follows: drying
gas temperature: 350°C; vaporizer temperature: 500°C; drying
gas flow rate: 9 L min~!; nebulizer pressure: 50 psi; capillary
voltage: 44000 V; and corona current: 5.0 pA. The structures of
compounds 2a, 3a, 4a, and 5a purified from PLG 4 shale were
identified by NMR spectroscopy. The 'H NMR spectra were
obtained using a Bruker Avance-III spectrometer operated at
400 MHz. Each compound was dissolved in CDCl3 in a 1 mm
i.d. tube. The chemical shifts were calibrated with the signal peaks
of CD C13.

RESULTS

Distribution of Geoporphyrins

The structural distribution of sulfur-bound Ni alkylporphyrin of
the two shale samples were similar (Figure 2 and Supplementary
Figures S1-S5), indicating that similar phototrophic community
prevailed during the deposition of these shales. The most
abundant Ni alkylporphyrin was Cs3-bicycloalkanoporphyrin
(C33-BiCAP, 5a). This is categorized as bicycloalkanoporphyrin-
type (BiCAP-type), along with Cs;-3-nor-BiCAP (3b) and Css-
BiCAP with a double bond at C-132 and C-17° (6a), as well
as their potential analog Cs;-15,17-cycloheptanoporphyrin (2a).
They are considered to derive mainly from chlorophyllone and
132,173-cyclopheophorbide enol (Goericke et al., 2000; Louda
et al., 2008), which are formed as a result of detoxification
catabolism of chloropigments during herbivory (Kashiyama et al.,
2012). An abundance of BiCAPs in the sulfur-bound fraction
is in contrast to the non-sulfur-bound fraction dominated by
cycloalkanoporphyrins (Keely et al., 1995), and has, similarly,
been observed in the Gibellina marls (Sicily, Italy) deposited
during the MSC (Schaeffer et al., 1993, 1994). The preservation
efficiency of BiCAP-type porphyrins may have been enhanced
due to their incorporation into macromolecular entities via sulfur
binding during the early stage of diagenesis, resulting in survival
during subsequent diagenetic processes.

The second abundant was deoxophylloerythroetioporphyrin
(DPEP, 4a), which is generally the most abundant porphyrin
type in geological samples. The DPEP and Cj-3-methyl-
13-nor-phylloporphyrin (1a), which is considered to be
derived from the opening of a five-membered ring between
the C-13 and C-15 carbons of DPEP (Callot and Ocampo,
2000), are categorized as DPEP-type. They are derived from
multiple sources including chlorophyll a, chlorophyll ¢, and
bacteriochlorophyll a (Baker and Louda, 1986; Callot and
Ocampo, 2000; Keely, 2006).

The third abundant C3;-15,17-methylcyclopentanoporphyrin
(3a) is more source-specific, believed to be originating exclusively
from chlorophyll ¢ (Ocampo et al.,, 1984). Together with Cyg-
3-methyl-17-nor-DPEP (1b) which also derive from chlorophyll
¢ (Verne-Mismer et al., 1988), these geoporphyrins strongly
suggest the presence of chlorophyll ¢-producing eukaryotic algae.
Although chlorophyll a is more abundant than chlorophyll ¢
in living diatoms (Stauber and Jeffrey, 1988) and dinoflagellates
(Jeffrey et al., 1975), the Chl c-type porphyrins were as abundant
as the DPEP-type which potentially derived from not only
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FIGURE 2 | (A) Chromatogram of the first-step, reverse-phase HPLC/DAD at 386 nm of the Ni alkylporphyrins fraction from the PLG 4 shale. Shaded peaks indicate
the fraction collected for further purification using a normal-phase HPLC. (B) Chromatogram of the second-step, normal-phase HPLC/DAD at 386 nm of the peaks
1-6 collected in a reverse-phase step. Shaded peaks were fraction collected for measurements of carbon and nitrogen isotopic compositions and for determining the
structures of porphyrins. (C) Structures of geoporphyrins and related compounds discussed in this study. Compounds 1a, 1b, 3b, and 6a are tentatively assigned.
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FIGURE 3| (A,B) Cross plots of the carbon and nitrogen isotopic compositions of purified alkylporphyrins from the PLG shales. The DPEP-type porphyrins are
shown by red circles, the Chl c-type by green triangles, and the BICAP-type by blue squares. Letters next to the symbols refer to the individual porphyrins in

Figure 2. The bars of each symbols represent analytical precisions. Also shown are the isotopic compositions of DPEP and Cgg-17-nor-DPEP (Chl c-type) from the
black shales of the Cretaceous Oceanic Anoxic Event and the Miocene siliceous sediments of the eastern margin of the Japan Sea (Kashiyama et al., 2008a,b,
2010). The bars of each symbols represent the range of variation among different samples. (C) Cross plots of the carbon and nitrogen isotopic compositions of the
bulk deposits and the source phototrophic cells of compound 3a (Chl c-type), assuming the porphyrins are enriched in '3C by 1.8 + 0.8% (15, n = 18) and depleted
in ™®N by 4.8 & 1.4%0 (15, n = 20) relative to the source phototrophs (Sachs et al., 1999; Ohkouchi et al., 2006, 2008).

0 -
3'3C (%o)

15 0 30 25 20 15 10
5%C (%o)

TABLE 1 | Molecular ion (m/z), number of carbons, theoretical C/N weight ratio, measured G/N weight ratio, 5'3C, and 8'°N of the bulk sediments and geoporphyrins of

the PLG shales in Vena del Gesso, Northern Apennines, Italy.

Compound Molecular lon (m/z) Theoretical C/N wt PLG 4 shale PLG 5 shale
Measured C/Nwt  8'3C (%0)  8'°N (%) Measured C/Nwt  8'3C (%0) 85N (%)

Bulk deposit 24.3 -20.3 1.7 34.8 -13.8 2.4
1a 506 6.4 7.9 -15.8 -5.5
1b 490 6.2 7.7 —-21.6 —4.8 6.6 —15.4 -1.3
2a 532 6.9 7.2 -20.9 -4.7 7.0 -21.6 -5.4
3a 518 6.6 6.8 —-21.1 -5.7 71 -15.9 —5.4
3b 516 6.6 7.9 —23.6 -2.6 7.6 -20.9 —-5.1
4a 532 6.9 7.3 —20.1 -6.3 7.0 -15.2 -6.5
5a 544 74 7.4 -23.8 -5.1 7.5 —22.2 -7.6
Ba 542 71 71 —-21.3 -0.9

Names of the compounds refer to individual porphyrins indicated in Figure 2. The analytical precisions for the porphyrin isotopic measurements were within +£0.3%o for

375C and +0.8% for §7°N.

chlorophyll ¢ but also chlorophyll a. This can be explained by
examining the process by which the tetrapyrrole nucleus of
chlorophylls a and ¢ are formed: whereas chlorophyll a has a
chlorin-ring requiring the aromatization step to form porphyrin,
chlorophyll ¢ originally has a porphyrin-ring and does not require
this step. Indeed, chlorins were detected in the PLG shales
(Keely et al., 1995; Mawson and Keely, 2008), suggesting that the
conversion of the chlorin-ring chloropigments to alkylporphyrin
has not completed.

Stable Isotopic Compositions of Bulk

Sediments and Geoporphyrins

The stable carbon isotopic composition of total organic carbon
(3'3Croc) of PLG 4 was much lower than that of PLG 5 (—20.3
and —13.8%q, respectively), and their 8!°N values were similar
(1.7 and 2.4%q, respectively; Figures 3A,B and Table 1). Their
C/N weight ratios were as high as 24.3 and 34.8, respectively,

a phenomenon that has been often observed in organic-rich
sediments (Ohkouchi et al., 2015). The 8'3C values of the
individual geoporphyrins showed similar bimodal distributions
in the two shales, with a BICAP-type lower than DPEP-type and
Chl c-type. The difference was larger in PLG 5, due to higher '3C
values of the Chl c-type in PLG 5 relative to those in PLG 4. The
815N values of the geoporphyrins of the two shales varied widely
between —7.6 and —0.9%o, but the major porphyrins (2a, 3a, 4a,
and 5a) showed a narrower isotopic range from —7.6 to —4.7%.

DISCUSSION

Primary Producers and Nitrogen Cycle
During the Deposition of the PLG Shales

The PLG shales contain considerable amount of terrigenous
organic matter (Sinninghe Damsté et al, 1995). The marine
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813C and §!°N signals are thus superimposed by the isotopic
signatures of terrestrial organic matter, and are also potentially
altered by diagenesis in the sediments (Lehmann et al., 2002;
Robinson et al, 2012). Under such situation, 8'3C and §'°N
values of geoporphyrins are powerful tools providing the
original isotopic signatures of marine phototrophs, because the
turnover rate of aquatic chlorophylls are substantially faster
than that of terrestrial chlorophylls (Hendry et al., 1987), and
the terrestrial chloropigments are readily decomposed before
reaching to the ocean (Hoyt, 1966; Sanger, 1988; Matile et al,,
1996). Also, the Mg-loss during diagenesis does not discriminate
nitrogen isotope (Ohkouchi et al, 2005), and Ni-chelation
associates little nitrogen isotopic fractionation (Kashiyama et al.,
2007), in contrast to the cases for VO- and Zn-porphyrins
(Junium et al., 2015).

The empirical 3'°C and 3'°N relationships known between
chloropigments and phototrophs enable us to estimate
the isotopic compositions of the source phototrophs from
geoporphyrins. The 8'3C values of geoporphyrins is 1.8 £ 0.8%
(1o, n = 18) enriched in 13C relative to the phototrophic cell
(Ohkouchi et al., 2008). On the other hand, while the §!°N
values of chloropigments is 4.8 & 1.4%0¢ (1o, n = 20) depleted
in °N relative to the cell of eukaryotic algae and purple sulfur
bacteria (Sachs et al., 1999; Ohkouchi et al., 2006; Higgins et al.,
2011), several different relationships have been reported for the
815N values of chlorophyll a and cyanobacteria: >N enrichment
of ~10%o (Beaumont et al., 2000; Higgins et al., 2011), >N
depletion of ~1%o (Higgins et al., 2011), or >N depletion of
~5%q (Sachs et al, 1999) in chlorophyll a relative to the cell.
These complex relationships of cyanobacteria complicate the
estimation of the 3!°N values of past phototrophic biomass
from geoporphyrins.

Thus, our discussion here is primarily based on the isotopic
compositions of Chl c-type porphyrins, which provide us with
robust isotopic estimates of chlorophyll c-producing eukaryotic
phototrophs. Their 8'3C values calculated from the representative
Chl c-type porphyrin (compound 3a) are —22.9 £ 0.9 and
—17.7 £ 0.8%0 (lo), and 3'°N values —0.9 + 1.7 and
—0.6 = 1.6%0 (lo) for PLG 4 and 5 shales, respectively
(Figure 3C). This 313C value of the PLG 4 shale was in
comparable range with those of C;5 highly-branched isoprenoids
(—23.9 and —27.3%¢) derived from diatoms and dinosterane
(—26.3%0) from dinoflagellates (Supplementary Figure S6;
Kohnen et al., 1992; Kenig et al., 1995), considering that the
lipids are depleted in '3C relative to the eukaryotic cell (Schouten
et al., 1998; Hayes, 2001). These chlorophyll c-producing algae
are the major components of the marine organic matter in the
sediments, as the ~6%y difference in 8!3Croc between PLG 4 and
5 shales was associated with similar shift in §!*C of the Chl c-type
porphyrins (Figure 3C).

Relatively high $'*C of chlorophyll c-producing algae in
part explains the '3C-enrichment in TOC of the PLG shales
compared to other stratified basins (e.g., van Breugel et al., 2005).
In addition, considering that other MSC deposits also exhibit
elevated 8'3Croc (Schouten et al., 2001; Yoshimura et al., 2016),
a physicochemical process specific to hypersaline condition,
such as the degassing of '3C-depleted CO;(aq) from the brine

induced by a decrease in gas solubility during evaporation
(Stiller et al., 1985; Isaji et al., 2017), may also have contributed
to 33Croc increase. It is noteworthy that, compared to
other modern and ancient stratified basins, the $'*C values
of the CO; at the chemocline during the deposition of PLG
4 shale are less depleted in '3C with respect to CO,(atm)
(van Breugel et al, 2005). Such a '*C-enrichment at the
chemocline, especially at the onset of the shale deposition
(813C = ~8%; van Breugel et al, 2005), may in part have
been the result of the degassing of 1*C-depleted CO,(aq) from
the brine during the gypsum-precipitating phase prior to the
shale deposition.

The 85N values of these chlorophyll c-producing algae fall
within a range typical for diazotrophy (—2-0%0: Wada, 1980).
Since breaking the triple bond of N, is energetically expensive,
N,-fixation is generally successful where nitrate and ammonium
are limited relative to phosphate. During the deposition of the
PLG shales, the continental water inflow formed strong density
stratification and produced photic zone anoxia (Sinninghe
Damsté et al., 1995; Lugli et al., 2010). Thus, the supply of
nutrients from the bottom layer must have been reduced, and
the N/P ratio of the supplied nutrients lowered by denitrification
and/or anammox in the redox boundary. Indeed, similar
processes have been considered to have promoted N,-fixation
by cyanobacteria in the Black Sea (Kuypers et al., 2003; Kusch
et al.,, 2010; Fulton et al., 2012), which is a restricted, stratified-
basin analogous to the depositional environment of the Vena
del Gesso basin. Alternative explanations for relatively low 3'°N
values of phototrophs, such as excess nitrate resulting in large
isotopic fractionation during nitrate assimilation or low §!°N of
the original nitrate, are unlikely, because denitrification decreases
the N/P ratio and increases the 3!°N of the remaining nitrate
(Brandes et al., 1998).

Assimilation of ammonium supplied from the subsurface
could also explain *N-depleted biomass, because the nitrogen
isotopic fractionation associated with ammonium assimilation
can be large, ranging from —4 to —20%¢ (Hoch et al,
1992; Liu et al, 2013). Importance of ammonium as a
nitrogen source under stratified condition has indeed been
implicated from the sedimentary records of the Black Sea
and a shallow lake Baldeggersee (Teranes and Bernasconi,
2000; Kusch et al, 2010). Although much stronger density
stratification formed in the Vena del Gesso basin should have
resulted in slower ammonium supply rate compared to these
modern analogs, the possibility of ammonium assimilation
cannot be eliminated as we have no constraints on the depth
of chemocline during the deposition of the PLG shales. It is
noteworthy, however, that assimilation of subsurface ammonium
by phototrophs during the MSC peak resulted in extremely
elevated 8!°N of geoporphyrins (Isaji et al., 2019), which highly
contrasts with the results in this study (discussed in Section
“Fluctuations in the Chemocline Depth Associating Shifts in the
Nitrogen Cycle”).

Because N-fixation is an exclusively prokaryotic metabolic
process, the 8'°N values of the chlorophyll c-producing algae
indicating diazotrophy need specific explanation. Here, we
suggest that the algae assimilated nitrogen fixed originally by
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diazotrophs. For example, complete assimilation of ammonium
produced by remineralization of diazotrophs in the photic zone
where nitrification is inhibited (Guerrero and Jones, 1996)
would result in 8!°N of eukaryotic algae in the range indicative
of N,-fixation. Alternatively, diazotrophic cyanobacteria may
have formed symbiosis between diatoms (diatom-diazotrophic
associations, DDAs). Diatoms are typically adapted to eutrophic
waters, but DDAs can thrive under nitrate-depleted conditions,
benefiting from the supply of nitrogen through the N, -fixation of
cyanobacteria symbionts. Several diatom species including some
Rhizosolenia sp. known to form DDAs (Foster and O’Mullan,
2008) may have been the source of highly-branched isoprenoids
preserved in the PLG shales (Sinninghe Damsté et al., 1995),
although highly-branched isoprenoids of DDA-forming species
have not been investigated.

An important difference between free-living cyanobacteria
and DDAs is that while the former are mostly recycled
in the upper water column, the latter are reported to
contribute substantially to export production (Scharek et al,
1999; Subramaniam et al., 2008; Karl et al, 2012). Such
preferential exportation of DDAs may explain the predominance
of chlorophyll c-producing algae as the main components of
the organic matter in the PLG shales. It is noteworthy that
abundant Rhizosolenid diatoms and Hemiaulus hauckii are
considered to have formed DDAs during the deposition of
the Mediterranean organic-rich sapropels, which are, similarly,
deposited under stratified condition (Kemp et al., 1999; Sachs
and Repeta, 1999; Bauersachs et al., 2010; Kemp and Villareal,
2013). The significance of DDAs has also been implied in
other organic-rich deposits, such as the black shales of the
Cretaceous Oceanic Anoxic Events and the Miocene siliceous
sediments in the eastern margin of the Japan Sea, which
show surprisingly similar 3'°C and 8°N profiles to the
geoporphyrins from our study (Figure 3A; Kashiyama et al,
2008a,b, 2010; Ohkouchi et al., 2015). Also, it should be
emphasized that the 8'°N values of most of the geoporphyrins
purified from other organic-rich shales deposited under stratified

condition falls within similar range as found in this study
(Figure 4). Taken together, our results and these previous
studies indicate the importance of diazotrophy in forming the
organic-rich sediments that occur under stratified conditions,
in particular DDAs which contribute substantially to efficient
carbon sequestration.

Other alkylporphyrins are less source-specific, but still provide
additional insights. The 3!3C and 8!°N values of the DPEP-type
were similar to those of the Chl ¢c-type porphyrins (Figures 3A,B),
which is probably due to faster conversion of chlorophyll ¢
to DPEP relative to other chlorin-ring chloropigments such
as chlorophyll a and bacteriochlorophyll a. The enrichment
in 1*C by ~1%o in the DPEP-type relative to the Chl
c-type may reflect that these chlorin-ring chloropigments had
higher 3'°C values compared to chlorophyll c¢. If this was
the case, then the major source of DPEP would probably be
chlorophyll a, because §!C of bacteriochlorophyll a is typically
lower than other co-occurring chloropigments in the modern
stratified environments (Ohkouchi et al., 2005; Fulton et al.,
2018). In the case of the immature sediments, the isotopic
compositions of the chlorins may provide further insights of past
phototrophic activities.

Among the BiCAP-type porphyrins, the most abundant
Cs33-BiCAP (compound 5a) was depleted in 13C relative
to the Chl c-type porphyrins by 2.7 and 6.3% for the
PLG 4 and 5 shales, respectively (Figures 3A,B). These
results indicate that Cs3-BiCAP was derived from specific
phototrophs rather than from the major primary producers
producing DPEP-type or Chl c-type porphyrins. The substantial
13C-depletion may be related with difference in carbon
assimilation pathway of phototrophs, and/or difference
in 813C of source DIC which has depth and seasonal
variabilities. Although specific source cannot be identified,
brown-colored green sulfur bacteria can at least be excluded
as the possible source of BiCAP-type porphyrins, because
the §!°C values of isorenieratane, which has similar 3'3C
values to that of bacteriochlorophyll e (Ohkouchi et al,

0 10 20

Previous porphyrin data

Vena del Gesso shales
(MSC first stage)

Realmonte shales
(MSC peak)

FIGURE 4 | The 3'°N values of geoporphyrins compiled from previous studies (gray circles: Chicarelli et al., 1993; Ohkouchi et al., 2006; Kashiyama et al., 2008a,b,
2010; Higgins et al., 2012; Junium et al., 2015; Gueneli et al., 2018), those determined for the PLG shales in this study (pink circles), and those of the shale layers in
the Realmonte salt mine in Sicily deposited during the MSC peak (blue circles: Isaji et al., 2019).
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FIGURE 5 | (A) Proposed nitrogen cycle during the deposition of the PLG 4 and 5 shales. Water column stratification resulted in active denitrification (and/or
anammox) and limited nitrogen supply to the surface photic zone, resulting in surface water oligotrophy favorable for diazotrophic cyanobacteria. The surface
freshwater layer is thicker and the chemocline is deeper during the deposition of the PLG & shale due to an increase in regional precipitation, which resulted in a
reduced supply of '3C-depleted dissolved inorganic carbon from the bottom hypersaline layer. Important processes are indicated by red arrows. (B) Proposed
nitrogen cycle under reduced freshwater input during the MSC peak (Isaji et al., 2019). The shallow chemocline results in phototrophic assimilation of the subsurface

denitrification

2005), vary between —14.8 and —11.6%¢ in the PLG 4 shale
(Kenig et al., 1995).

Fluctuations in the Chemocline Depth
Associating Shifts in the Nitrogen Cycle

The isotopic compositions of geoporphyrins clearly demonstrate
that 6.5%0 difference in 83 Croc between the two shales is
not attributable to diagenetic alteration or contribution of
terrestrial organic matter, but is associated with changes in 3'3C
of marine phototrophs, which is reflected as 5.2% difference
in the 8!3C of Chl c-type porphyrin (Figure 3). Phototrophic
community composition is not responsible for the §!*C shift, as

the structural distribution of sulfur-bound Ni alkylporphyrin and
their 3!°N signatures of the two shales were similar (Figure 3 and
Supplementary Figure S1).

This substantial 8!*C difference probably reflects difference in
the depositional environment of PLG 4 and PLG 5, rather than
intra-layer variation which ranges within 813Croc of ~2%o in the
middle part of the shale layers where our samples were collected
(Kenig et al., 1995). A previous study on pollen assemblages
suggested enhanced river discharge during the deposition of the
PLG 5 shale compared to that during the PLG 4 (Bertini, 2006).
Such hydrologic difference may have modified 8'*C of dissolved
inorganic carbon (3'3Cpic) in the surface ocean through varying
mixing rate of river water, and altering the 8'3C of riverine
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DIC associated with shift in the drainage area. It may also have
changed the duration of the stratification vs. vertical mixing
periods within each shale layer, with longer duration of mixing
period resulting in enhanced supply of *C-depleted DIC from
subsurface water, although the organic geochemical signals are
generally not well preserved where oxic condition prevails. More
likely, $*Cpjc in the surface ocean must have been strongly
influenced by the depth of chemocline, which changes in response
to the amount of river discharge. The elevated $!*C in PLG
5 relative to PLG 4 may have been the result of reduced
supply of 1*C-depleted DIC from subsurface water due to deeper
chemocline depth (Figure 5A).

The PLG shales analyzed in this study were deposited
when the chemocline was deep enough to induce nitrification-
denitrification (and/or anammox) coupling and a predominance
of diazotrophic cyanobacteria, which is recorded as a
specific 3!°N range between —7 and —5%. Significantly,
substantial elevation in 3'°N values (~20%0) are recorded in
the geoporphyrins isolated from the mud-anhydrite layers
deposited under density-stratified condition during the MSC
peak (Figure 4; Isaji et al, 2019). This contrasting signal
is interpreted to reflect the assimilation of !°N-enriched
ammonium pools from the subsurface and the recycling of
bioavailable nitrogen within the water column with shallow
chemocline (Figure 5B). The dynamic shifts in the mode
of the nitrogen cycle under density-stratified condition
must have resulted in modification of the phototrophic
community and the primary productivity, which associate
changes in the strength of the biological pump controlling the
global carbon cycle.

CONCLUSION

Major primary producers and the nitrogen cycle during the
deposition of the PLG shales of the MSC were discussed, based
on the analyses on geoporphyrins which possess unaltered record
of stable carbon and nitrogen isotopic compositions of marine
phototrophs in the geologic past. Reduced nutrient supply and
lowering of N/P ratio under density-stratified conditions favored
diazotrophs which supplied a major fraction of the nitrogen for
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