N

N

Variations in 14 C Reservoir Ages of Black Sea Waters
and Sedimentary Organic Carbon During Anoxic
Periods: Influence of Photosynthetic Versus
Chemoautotrophic Production
Michel Fontugne, Francois Guichard, ITham Bentaleb, Claudia Strechie, Gilles

Lericolais

» To cite this version:

Michel Fontugne, Frangois Guichard, Ilham Bentaleb, Claudia Strechie, Gilles Lericolais. Variations
in 14 C Reservoir Ages of Black Sea Waters and Sedimentary Organic Carbon During Anoxic Periods:
Influence of Photosynthetic Versus Chemoautotrophic Production. Radiocarbon, 2009, 51 (3), pp-969-
976. 10.1017/S0033822200034044 . hal-02473350

HAL Id: hal-02473350
https://hal.science/hal-02473350
Submitted on 30 Oct 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02473350
https://hal.archives-ouvertes.fr

RADIOCARBON, Vol 51, Nr 3, 2009, p 969-976 © 2009 by the Arizona Board of Regents on behalf of the University of Arizona

VARIATIONS IN *C RESERVOIR AGES OF BLACK SEA WATERS AND
SEDIMENTARY ORGANIC CARBON DURING ANOXIC PERIODS: INFLUENCE OF
PHOTOSYNTHETIC VERSUS CHEMOAUTOTROPHIC PRODUCTION

Michel Fontugne!-?  Frangois Guichard' ¢ [lham Bentaleb!- « Claudia Strechie?
Gilles Lericolais?

ABSTRACT. Radiocarbon activity of dissolved inorganic carbon has been measured in the northwestern Black Sea. Both
continental shelf and open-sea profiles show that surface waters are in equilibrium with the atmosphere. The observed distri-
bution of '“C activity shows a weak contribution of the deep “C-depleted CO, to the photic zone. Such a distribution of 4C
within the water column is unable to explain the aging of sedimentary organic matter and reservoir ages greater than 500 yr.
A contribution of production by chemoautotrophic bacteria feeding on “C-depleted methane at the boundary of the oxic and
anoxic zones is a realistic hypothesis. Also, a contribution to sedimentary organic carbon estimated at <15% of the photosyn-
thetic primary production could explain 4C reservoir ages greater than 1300 yr.

INTRODUCTION

The Upper Pleistocene Black Sea is thought to have been a continental basin oscillating between a
fresh oxygenated lake and a brackish water lake when connected to the Mediterranean Sea (Sperling
et al. 2003). The entry of dense, salty waters from the Mediterranean Sea induces stratification of the
water column, leading to a well-developed suboxic zone at the transition between the oxic and sul-
fidic layers, characterized by many intermediate redox reactions (Murray et al. 1989, 1995). At
present, only the upper 170 m of the Black Sea water is oxygenated (Murray et al. 1991; Murray
2006). The physico-chemical changes in, for instance, salt and oxygen contents modify the water
mass residence time and consequently the dissolved mineral carbon radiocarbon age, leading to
large uncertainties of the Black Sea reservoir age (R). Accurate chronology of the sediment deposi-
tion in the Black Sea and thus of the hydrological evolution of this basin are hampered by the lack
of precise R values and data on their variability range. From an historical point of view, these uncer-
tainties have contributed to controversial paleo-reconstruction interpretations concerning the last
reconnection between the Black and Mediterranean seas, opposing a catastrophic view against the
non-catastrophic features (Ryan et al. 1997, 2003; Aksu 2002a,b,c). These interpretations are
strongly dependent on our ability to estimate very accurately the duration of the reconnection and
thus on the precision of the calibrated '“C dates.

Different methods have been used to determine '“C reservoir ages (R = "Cyge of lacustrine or marine
sample = *Cage of contemporaneous atmospheric sample)- Direct measurements of “C of marine or freshwater
dissolved inorganic carbon (DIC) and shells of known age are the simplest approach. The past res-
ervoir age value can also be quantified by paired measurements like bulk marine sediment '“C age
(or 14C age of shell contained in sediment) versus varve chronology counts (expressed in 4C ages),
or of 14C age differences between samples of terrestrial organic matter and marine samples. The lat-
ter need strict contemporaneous samples, which can be achieved by selecting terrestrial vegetal
macrofossils and marine samples with the same instantaneous time marker like that of a volcanic
eruption ash layer (Bard et al. 1994; Siani et al. 2001). The Black Sea R values found in the literature
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range from 0 to 2000 yr: this variability has not been fully understood up to now. The first estima-
tions using varve counts provided reservoir ages around 2000 yr (Degens and Ross 1972; Calvert
and Fontugne 1987; Calvert et al. 1987). Using Minoan eruption tephra, Guichard et al. (1993)
reduced the reservoir age to 1280 !4C yr, corresponding to about 2000 calendar yr. Geochemical
studies and comparisons between carbonate and organic matter ages led Jones and Gagnon (1994)
to suggest a reservoir age of 460 yr, to which a correction of detritical organic carbon contribution
may be added. Measured '“C of water column DIC shows that ages increase from 0 yr at the surface
to about 1800 yr near the bottom sediments at ~2000 m depth (Ostlund and Dyrssen 1986; Murray
et al. 1991). 1“C ages of museum collection shells range from 415 to 0 '4C yr for marine mollusks
(Siani et al. 2000) and freshwater shells (Dreissena rostriformis), respectively (Major et al. 2002;
Bahr et al. 2005). AMS “C dating of ostracod and gastropod shells from southwestern Black Sea
cores combined with tephrochronology resulted in variable reservoir ages for the late glacial Black
Sea basin (Kwiecien et al. 2005, 2006, 2008) from 0 to 1450 yr.

Here, we present new measurements of Black Sea water DIC '“C collected on or near the continental
shelf. These results are discussed for each kind of sample (shell or organic matter) and compared
with literature data in order to examine the origin of the R value variability. We suggest that
chemoautotrophic productivity contributing to the sedimentary organic matter can explain the vari-
ation of reservoir ages evident during the Holocene in the anoxic Black Sea.

MATERIAL AND METHODS

In 2004, during the MD139 cruise of the research vessel (R/V) Marion Dufresne, samples were col-
lected along different profiles in the northwestern part of the Black Sea. Selected samples at differ-
ent depths of the water column were collected for '4C and 13C analyses. The location of the sampling
points is given in Figure 1. Two profiles were located on the continental shelf (50 and 350 m water
column depths) with a third profile in the open Black Sea (1595 m).

Figure 1 Location of water sampling station during the MD139 cruise of the R/V Marion Dufresne
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After collection using CTD bottles, water samples were immediately poisoned with mercury chlo-
ride and stored hermetically in 250-cm3 glass bottles until laboratory analysis according to the meth-
ods described by Duplessy (1972), Bard et al. (1987), and Leboucher et al. (2004).

In the laboratory, water samples between 50 and 100 cm? are introduced in a vacuum line, acidified
with phosphoric acid, and bubbled with helium gas in order to optimize to the extraction of the total
dissolved carbon dioxide (Bard et al. 1987; Leboucher et al. 2004). The evolved CO, was purified,
trapped, and converted to graphite and put on a target prior its measurement for '“C activity using
the Saclay Accelerator Mass Spectrometry facilities. Results are expressed in percent modern car-
bon (pMC) or in %o (Stuiver and Polach 1977). An aliquot of CO, gas was also sampled to measure
the stable carbon isotopic composition (3'3C) with a Fison-OPTIMA mass spectrometer. The preci-
sion is better than 0.05%o.

RESULTS AND DISCUSSION

Results of 14C activity and 8'3C with respect to depth for the 3 sites are reported in Table 1 and Fig-
ure 2. The 8§'3C values in Figure 2 exhibit a decrease from —0.31%o at the surface waters to —3.8% in
deep anoxic waters, which is in good agreement with Fry et al. (1991). The data show a trend from
enriched to depleted values (+0.8%o at the surface to —6.3%o at the bottom level). The low deep-
water 8!3C values may be induced by inputs of carbon dioxide resulting from oxidation of either
organic matter or methane (see Michaelis et al. 2002).

Table 1 Variations of 14C activity and stable carbon isotopic ratios of the total CO,
extracted from DIC versus water depth in the northwestern Black Sea.

Depth (m) AMC (%o) 813C (%o)
Station MD04-2774H (44°57.46'N; 29°50.11°E, 50 m)
1 56.4+3.9 -1.82
30 63.1+38 ~1.35
Station MD04-2790H (43°12.80'N; 30°59.63'E, 352 m)

2 62.5+3.9 ~0.31
100 58.1+3.9 -1.17
250 —61.5+3.7 281
330 1252435 34

MD04-2765H (42°23.49'N; 30°30.99'E, 1595 m)
0 66.6+ 3.8 nd
32 44.8+4.1 ~1.28
50 474+3.9 ~1.74
100 159437 -2.96
250 1142434 —2.81
1500 ~192.8+3.3 3.8

The MD04-2765H profile (Figure 2) presents a decrease of 14C DIC activity with depth from A*C =
66.6%0 to —192.8%o0, corresponding to a shift in percent modern carbon of 106.6 to 80.7 pMC,
respectively. The lower part of the profile matches previous results reported by Jones and Gagnon
(1994) in the central Black Sea. Their data and ours show rather constant 'C values below 200 m,
representative of the anoxic zone. For these waters, the apparent 4C age of total DIC is ~1750 yr BP.

The surface samples of the 3 profiles are clearly in equilibrium with the atmosphere, with A*C val-
ues of ~60%o (106 = 1 pMC) representative of the atmospheric CO, “C activity of the year 2004.
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Figure 2 Variations versus water depth of dissolved inorganic carbon
(DIC) '“C activity and stable carbon isotopic ratios.

A*C values measured at the shallowest profile MD04-2774 (0-50 m) are not significantly different,
indicating well-mixed waters. For the intermediate profile MD04-2790H (0-350 m), the thickness
of the well-ventilated water is <100 m; nevertheless, the lowest values representative of deep water
are only reached at a depth of 330 m. For the deeper profile, a first decrease in “C activity occurs
near 30 m depth and a second below 50 m. The deep-water values are encountered between 250 and
1500 m. From the shelf to the open sea, the onset in the decrease 14C activity appears at shallower
and shallower depths (around 100 m at profile MD04-2790H and <50 m at profile MD04-2765H).
This indicates a greater contribution of older carbon to the base of the oxic waters when we move
towards the open sea. This distribution of !“C activity in the water column explains part of the res-
ervoir age variability. It confirms that in the well-mixed waters of the shelf and especially near the
mouth of rivers like the Danube, the reservoir age is negligible or very low, corroborating the Bahr
et al. (2005) and Major et al. (2002) results. An increasing influence of old DIC of anoxic waters
with depth can also explain why mollusks living at greater depth near the boundary between the
oxygenated and anoxic zones would present higher reservoir ages than mollusks living near the
shore in the well-mixed, ventilated waters. Such a pattern implies that the ecology of each species
of mollusks has to be known in order to obtain reliable reservoir ages and chronology of sediment
deposition. On the continental shelf, the phytoplankton-derived organic matter, which assimilates
CO, in equilibrium with the atmosphere, would not need any reservoir age correction. Only correc-
tion of the detrital terrestrial material (if known) would be necessary. At depths greater than 200 m,
in the anoxic waters of the Black Sea, no living mollusks exist. Thus, sedimentary organic matter is
used as a substrate for '“C dating or determination of reservoir ages.
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In the central Black Sea and/or a few tens of km offshore, the contribution of terrestrial organic mat-
ter to deep sediment is negligible as evidenced by atomic C/N ratios or isotopic composition of
organic carbon (8'3C) (Deuser 1972; Calvert and Fontugne 1987; Strechie-Sliwinski 2007). It there-
fore becomes difficult to explain aging of the organic matter and reservoir ages reaching 1300 yr by
terrestrial dead carbon of detrital origin.

An alternative explanation has to be proposed if the sediment organic matter has an algal origin and
records an important reservoir age. However, the structure of the Black Sea water column cannot
explain such a pattern since the influence of anoxic water and its resulting old CO, is not observed
at this level in the photic layer (~70-80 m, Chu et al. 2005). As evidenced during recent cruises in
the Black Sea by Chu et al. (2005) or that of Ediger et al. (2006) during the R/V Knorr cruise in 2001,
there are no chlorophyll maxima below 40-50 m. Field experiments from Karl and Knauer (1991)
suggest that the photoautotrophic production was limited to the upper 55 m of the water column.

A possible explanation for the reservoir age of organic matter could be the chemoautotrophic bacte-
rial primary production. There is a complex microbial foodweb at the oxic/anoxic interface in such
multilayer systems, and productive microbial communities live on the residual chemical energy
(H,S, CHy4, NHy,, H,, low molecular weight organics) that originates from the anoxic layer. Para-
doxically, the importance of chemoautrophic production in the Black Sea has been known to biolo-
gists for several decades. Nevertheless, no attempt has been made to estimate if the phenomenon
could have an impact on the '“C reservoir age of sedimentary organic matter. Karl and Knauer
(1991) estimated that “chemosynthesis within the oxic-anoxic interface zone 60—100 m is equiva-
lent to ~15% of the rate of phototrophic production in the surface waters.” During the R/V Knorr
cruise in May—June 2001, Morgan et al. (2006) observed a high bacterial production reaching to
50% of the photosynthetic production. Furthermore, they noticed that below the suboxic boundary,
large filamentous cells (>10 um) contribute about 53% of the total bacterial biomass. During the
same cruise in the Black Sea central gyre and in Sakarya canyon regions, Yilmaz et al. (2006)
noticed the occurrence of chemoautotrophic organisms, which contributed between 30 to 89% of the
overall water column production. This chemoautotrophic activity and the importance of the methan-
otrophic microbial mats in the anoxic Black Sea is now rather well documented (see Michaelis et al.
2002; Durisch-Kaiser et al. 2005; Treude et al. 2007). The methanotrophic bacteria that feed on a
14C-depleted methane (~15 pMC, see Kessler et al. 2006) would present consequently a 4C age
around 15,000 yr. In these conditions, the amount of chemoautotrophic material required to yield
sedimentary organic carbon with a realistic apparent age of 1300 yr (reservoir age) is rather low:
between 12% with chemoautotrophic matter at 15 pMC and photosynthetic matter at 95 pMC and
17% with chemoautotrophic matter at 15 pMC and photosynthetic matter 100 pMC. Such amounts
of chemoautotrophic material are realistic if we refer firstly to the estimates of Yilmaz et al. (2006)
or Morgan et al. (2006) and secondly to the fact that photosynthetic organic matter is partly oxidized
in the oxic part of the water column, enhancing the contribution of chemoautotrophic matter, which
directly sink in the anoxic water column without any direct oxidation process.

Compared to the photosynthetic organic carbon, the chemoautotrophic carbon is different in terms
of 14C activity and 8'3C values. We can thus use 8!3C as an independent proxy to calculate the con-
tribution of chemoautotrophic material to the deep sediment using a simple mixing equation and
comparing it to that derived from '“C:

813 Csom = x X 8 Cromt (1-x) x 8 Cpgy

where x is the fraction of chemoautotrophic carbon, and 8'3Cgap, 83Cpgn, 8'3Com are the carbon
isotopic composition end-members of the sediment organic matter, the photosynthetic matter, and
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chemoautotrophic organic matter, respectively. Few measurements of 8'3C of phytoplankton have
been published for the Black Sea. The mean value obtained by Deuser (1970) from a spring bloom
is —23%o and needs to be corrected by about 2%o for anthropogenic CO, influence to be comparable
with pre-industrial and Holocene sediment values. With the increase of the summer sea surface tem-
peratures, the dissolved CO, concentration decreases and 8'3C of phytoplankton increases; thus, the
resulting exported primary production in deep sediment would give higher isotopic compositions.
Therefore, a value between —21 and —22%o would be more realistic for the phytoplankton end-mem-
ber. Concerning the chemoautotrophic end-member, one can assume that 8'3Cay, reflects that of
methane. For the upper water column, Kessler et al. (2006) give 8'3C values around —55%o for the
Black Sea.

Since the mid-Holocene, the Black Sea has reconnected to the Mediterranean, inducing sapropelic
sediment deposits characterized by rather homogenous carbon isotopic values of about —25 to —26%o
(Deuser 1972; Calvert and Fontugne 1987; Strechie-Sliwinski 2007). Introducing these end-mem-
bers into the mixing equation, we estimate a contribution of chemoautotrophic material of ~10-
12%, which is in good agreement with what we get from '“C estimates.

The results are summarized in Figure 3. Measurements of DIC 4C activity in the Black Sea water
column show that the surface waters are representative of the '#C atmospheric concentration, sug-
gesting no reservoir age correction. The C activity in water decreases with depth and with offshore
distance. The base of the well-mixed layer is marked by old CO, originating from deeper anoxic
water. Such a water column structure on the continental shelf and on its slope to the deep sea sug-
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Figure 3 Variations of reservoir ages as a function of location and origin of carbon (mineral or organic (photosynthetic =
Ph; chemoautotrophic = Ch) in the Black Sea during the anoxic periods.
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gests that reservoir ages determined using mollusk shells depend on the living depth and the ecology
(intra- or epi-benthic, for example) of these mollusks. However, the profile of '“C activity in the
water column is unable to explain reservoir ages older than 1000 yr since the influence of CO, com-
ing from anoxic water is weak in the photic zone. Only a contribution of about 15% (or less) of
chemoautotrophic material like methanotrophic microbial mats is able to explain a 1300-yr reservoir
age value for deep sedimentary organic matter. Measurements of '“C activity of these mats are
needed if one wants to propose valuable reservoir age corrections and estimate this chemoau-
totrophic production.
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