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Purpose. The purpose of the study is to analyze the features of vertical distribution of phosphates and 
dissolved organic phosphorus (Porg) in the Black Sea at the present period.  
Methods and Results. The data obtained by the scientists of Marine Hydrophysical Institute in 
the Black Sea within the economic zone of Russia in 2016–2019 were used. At more than 200 deep-
sea stations, a cassette of 12 bathometers (the Seabird-Electronics STD-instrument) was applied for 
taking hydrochemical samples at certain isopycnic surfaces, usually at σt = 16.30; 16.25; 16.20; 
16.20; 16.15; 16.10; 16.05; 16.00; 15.95; 15.90; 15.80; 15.50, 14.0 kg/m3. At the coastal shallow-
water stations, samples were taken at the 10 m intervals. Such a scheme permitted to carry out vertical 
sampling in the upper mixed layer and in the suboxic zone (including its upper boundary) with 
possible minimum of phosphates, to determine the depth of hydrogen sulfide formation and the 
location of the phosphates concentration maximum in the upper part of the anaerobic zone. 
Conclusions. From the surface to isopycn σt = 14.4 kg/m3, the content of phosphates and Porg does not 
exceed 0.1 µM; below this isopycnic surface, the phosphates concentration begins to increase, 
whereas of Porg remains at the same level. At all the profiles of the phosphates vertical distribution, 
the phosphates concentration minimum was recorded near the isopycnic surface σt = 15.8 kg/m3, and 
its maximum – near the isopycnic surface σt = 16.2 kg/m3. The minimum content of phosphates 
varied within 0–1.5 µM; in 2016–2017 the phosphates concentration maximum did not exceed 8 µM; 
in 2018, in many cases, it was higher than 12 µM, and once, near the Kerch Strait, it exceeded 17 µM. 
Increase in the magnitude of the maximum phosphates concentration (in the previous studies in 1988–
2013, it did not exceed 8 µM) is assumed to be related to installation of the supports for constructing 
the Kerch Bridge.  
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Introduction 
Phosphorus is one of the key biogenic elements, whose content of inorganic 

compounds in the environment controls the primary production processes in 
the freshwater and marine ecosystems. The biotic circulation of phosphorus in 
the upper production water layer includes consumption of its low-molecular, 
mostly inorganic compounds, by phyto- and bacterio-plankton, regeneration of 
these compounds in the life processes of planktonic organisms, and also 
mineralization of organic phosphorus (Porg) to phosphates, which present in water 

538                             ISSN 1573-160X   PHYSICAL OCEANOGRAPHY   VOL. 28   ISS. 5   (2021) 

mailto:skondratt@mail.ru


 

in the form of the ortho-phosphoric acid anions, mainly in the form of a HPO4
2– 

anion. The only way to remove phosphorus from the marine environment is its 
burial in sediments [1]. In the oxygen-containing waters at the bottom, a significant 
amount of phosphorus is bound in the sediments with hydrated phosphates of 
iron(III) or calcium (fluorapatite Ca5(PO4)3F). However, under the anoxia 
conditions, the burial of phosphorus bound by iron, is generally assumed to be 
relatively small due to the reductive dissolution of Fe(III) oxides-hydroxides and 
the release of bound phosphorus in the form of phosphates, although the latter can 
bind with Fe2+ forming vivianitis Fe(II)3(PO4)2 · 8H2O [1]. 

For the Black Sea and other water basins where there is a deficiency or complete 
absence of oxygen (for example, the Baltic Sea, the Cariaco Basin, the Norwegian 
fiords), dissolution of phosphates deposited on the Fe3+ oxides-hydroxides under 
the reducing conditions is especially important, since it occurs in the water column at 
the boundary where the hydrogen sulfide arises [2–5]. The cycles of phosphorus, 
sulfur and transition metals (iron and manganese) which are involved in the redox 
processes at the contact boundary between the oxygen and hydrogen sulfide zones, 
are closely related. In the bottom sediments, the redox transformations take place on 
a scale of a few centimeters; whereas in the deep part of the Black Sea, these 
processes are stretched vertically in the water column by meters. 

The most important feature of the phosphates vertical profile in the Black Sea 
is the intermediate maximum of their content on the isopycnic surface 16.2 kg/m3 
[6–8]. It is assumed that although this maximum cannot serve a reference point for 
global assessing the phosphorus fluxes in the Black Sea [9], its value will change 
as a result of the processes taking place in the photic zone of the sea. 
The development of the Black Sea eutrophication in the early 70ies seems has led 
to the fact that the phosphates maximum located at the isopycn 16.4 kg/m3 in 1969 
amounted ˂ 6 μM in 1969, whereas in 1990 it was recorded at the isopycn 
16.2 kg/m3 and its value increased to ∼ 7.5 μM [7]. In the studies performed in 
1995–2015 [9-14], this value of the phosphates maximum remained practically 
unchanged. 

The detailed studies of the phosphate content in the Black Sea were last 
performed by the scientists of Marine Hydrophysical Institute (MHI) during 
the expedition of R/V Professor Kolesnikov in 1995 [9], further such 
determinations were of a sporadic character. In particular, in 2004, the phosphates 
distribution was studied in the anticyclonic eddy over the continental slope in 
the region of the northwestern shelf [11], and the phosphates content in the region 
of the acting mud volcanoes was determined in the 61st cruise of R/V Professor 
Vodyanitsky [15]. In 2015–2018, MHI resumed expeditionary research in the Black 
Sea within the economic zone of Russia and conducted 10 expeditions which 
included determination of the phosphates and dissolved organic phosphorus 
content. The vertical profiles of the phosphorus compounds in the deep part of 
the sea obtained in these cruises have not been discussed yet. Examination of 
the features of these profiles and, particularly, the reasons for increase of 
the phosphates maximum concentration in the area adjacent to the Kerch Strait, is 
the purpose of the study. 
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Materials and methods 
The layout of hydrochemical stations in 10 cruises (2016–2018), at which 

the samples for determining the phosphates and Porg contents were taken, is shown 
in Fig. 1. The deep-sea hydrochemical samples were taken using a cassette of 
12 bathometers (the Seabird-Electronics STD-instrument) at certain isopycnic 
surfaces; as a rule, it was a series of isopycnes 16.30; 16.25; 16.20; 16.15; 16.10; 
16.05; 16.00; 15.95; 15.90; 15.80; 15.50; 14.0 kg/m3. Such a vertical sampling 
scheme made it possible to determine the depth at which hydrogen sulfide arises, 
the thickness of the layers with different oxygen content, and the location of 
the phosphates minimum and maximum concentrations with an accuracy to 
σt  = 0.05 kg/m3 (or up to 5 m on the depth scale). No samples for determining 
phosphates below the isopycn 16.30 kg/m3 were taken in 2016–2018, since 
the accuracy of the method were affected by hydrogen sulfide. 

F i g.  1. Map of the sampling stations for determining the phosphates content in 2016–2018. Large 
symbols denote the stations, where, in 2018, the maximum phosphates concentration exceeded 
10 μM. Solid lines indicate sections 1–4 in June, 2018 

The content of phosphates and total dissolved phosphorus was determined by 
the method described in [16]. The sample was filtered through the 450 nm filter, 
the filtrate was oxidized by heating with potassium persulfate, thus organic 
phosphorus was converted into phosphates. In 2016–2019, the water samples 
were stored and transported in accordance with the method requirements, and 
GOST 31861-2012 and GOST 17.1.5.05-85. According to the method, 
the minimum detectable phosphates concentration was 0.053 μM (5.00 mg/m3) 
(RD 52.10.738–2010). 

The obtained results and their discussion 
The phosphate content in the upper productive layer 

of the Black Sea waters in 2016–2018. 
The features of vertical distribution of the phosphorus compounds in 

the deeper layers of the water column will be considered on the conditional density 
scale, as it has been accepted in the Black Sea studies since the end of the last 
century [6, 8]. First of all, vertical distributions of the phosphates and Porg – 
component concentrations in the surface waters should be compared. There is no 
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much information on the Porg content in the Black Sea, since its determination is 
much more laborious. The distributions of the phosphates and Porg content shown in 
Fig. 2 do not permit to deduce any regularity. The concentrations of both 
components from the surface up to the range 14.4–14.5 kg/m3 (deeper, oxycline 
arises) are low, the organic phosphorus content is about the same as of 
the phosphate. The low concentrations of phosphates and Porg made it impossible to 
trace any seasonal changes in the content of these components in the photic zone. 

F i g.  2. Averaged vertical profiles of phosphates (solid line) and Porg (dashed line) in the density 
coordinates based on all the expeditionary data obtained in 2016–2017 

Below σt = 14.4–14.5 kg/m3, the phosphate content increases reaching 
the concentrations > 1 μM at the isopycn 15.5 kg/m3; further it decreases and 
amounts ˂ 0.5 μM at σt = 15.8 kg/m3, then monotonically increases to 6.5 μM at 
the upper boundary of the hydrogen sulfide zone. The Porg content in water remains 
approximately the same within the whole range of densities. 

Changes in the vertical profiles at the hydrogen sulfide 
bedding boundary in 2016–2019. 

It was noted above that a distinctive feature of the phosphates vertical 
distribution in the Black Sea was their maximum at the boundary of the hydrogen 
sulfide arise. Since the phosphates concentration in the upper productive water 
layer is low and varies insignificantly with depth, the vertical profiles and 
distributions on the sections given below start from 14.0 kg/m3 and come to end at 
the isopycn 16.3 kg/m3. Fig. 3 shows the vertical profiles of phosphate distribution 
PHYSICAL OCEANOGRAPHY   VOL. 28   ISS. 5   (2021) 541 



obtained by the foreign researchers in 1969–2008 and by the MHI scientists in 
different years. 

F i g.  3. Averaged vertical profiles of phosphates (μM) based on [13, p. 40] (a) and the results of 
MHI studies in 1995 and 2004 (b), and in 2016–2019 (c, d) 

It is seen in Fig. 3, a that in 1969 the phosphates maximum concentration in 
the Black Sea was ˂ 6 µM, in 1988 it slightly increased, but did not reach 7 µM 
[6, 8]; in 1995–2006 it was within 7.0–7.5 µM [9–11]; in 2013, in the center of 
the western cyclonic gyre, its value was 7.5 µM [13, 14]. In other words, in 
course of 25 years (1988–2013), the phosphates maximum concentration at 
the boundary of the hydrogen sulfide zone remained practically constant and did 
not reach 8 μM. 

Taking into account such a constant maximum value during 25 years, we 
expected that it would not change in the subsequent years. Indeed, in 2016–2017 it 
did not exceed 8 μM (Fig. 3, c), but in 2018 it unexpectedly increased and in some 
cases reached 12 μM. These values are not manifested in the averaged profiles in 
Fig. 3, but they evidently influenced the phosphates vertical distribution at 
the sections (see below). The concentrations exceeding 8 μM were obtained in all 
three surveys in 2018, i.e., they are not a single outlier from the data set, which 
resulted from an analytical error. The phosphate concentration 12.1 µM was 
recorded at the depth 200 m on the northeastern shelf [17] (where sampling was 
carried at the standard horizons, not at isopycnes). 

The phosphates vertical distribution at the sections. 
Most of the stations at which the increased phosphate concentrations were 

recorded in 2018 are located to the south of the Kerch Strait (section 4), and, in 
several cases, to the east and west of section 4 (Fig. 1). The phosphates vertical 
distribution at section 4 in December, 2017 (Fig. 4, a) was similar to that observed 
in 1988–2013. At 5 stations of 6, the minimum (˂ 1 μM) was recorded on 
the isopycn of 15.8 kg/m3; then, up to the isopycn 16.2 kg/m3, the concentrations 
gradually grew, but however, did not exceed 7 μM. 
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F i g.  4. Distribution of phosphates at section 4 to the south of the Kerch Strait in December, 2017 – 
December, 2018 

In June, 2018 (Fig. 4, b), almost the whole section did not show a minimum of 
the phosphate concentration on the 15.8 kg/m3 isopycn; the concentration smaller 
than 1 μM on this isopycn was observed only at the southernmost station of 
the section. At two northern stations, the concentration 2 µM was observed at 
the 15.5 kg/m3 isopycn (in December, it was recorded at the 16.0 kg/m3 isopycn); 
and between the isopycnes 15.5 and 16.0 kg/m3, it increased to 3–4 µM. At two 
stations, the phosphate maximum exceeded 8 μM, and at the southernmost station 
it was 10 μM. Based on these data, one can assume that the current directed from 
the Azov Sea to the Black Sea brought the increased phosphates concentrations to 
the bottom water layers in the Kerch Strait region. 

By August, the phosphates content in the bottom water layers slightly 
decreased, and the concentration minima < 1 μM were observed on the isopycn 
15.8 kg/m3 in the southern part of the section; but the concentration maxima             
> 8 μM remained in the region 44.5°N, as well as at the southern end of the section 
(Fig. 4, c). In December, within the range of conditional densities 15.5–16.0 kg/m3, 
the phosphates content increased again to 2 μM and higher, the minima at the      
15.8 kg/m3 isopycn disappeared, however the maximum values in the northern part 
of the section decreased to 6 μM, at that at the southernmost station, the 
concentration exceeded 7 µM (Fig. 4, d). 
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Summarizing the foregoing features, one can briefly conclude that increase in 
the phosphates concentrations at section 4 in June, 2018, as compared to those in 
December, 2017, is explained by the phosphates additional inflow from the Kerch 
Strait. In half a year in December, 2018, their inflow became less intense, although 
the phosphates maximum concentration in the southern part of the section has not 
yet decreased to the standard value 8 μM. 

It seen that the strongest changes in the phosphates vertical distribution in 
the Kerch Strait region were observed in June, 2018. At this time in the other 
regions of the polygon under study, similar changes were also noted, less 
noticeable the farther from the Kerch Strait the region was located (Fig. 5). At 
section 4, the phosphates concentrations > 9 μM on the isopycn 16.2 kg/m3 were 
observed at all the stations; to the west at section 3, their content exceeding 8 μM 
on the same isopycn was recorded only at three stations; even further west, at 
sections 2 (the Cape Chersonesos – the Bosphorus Strait) and 1 (the northwestern 
shelf), the maximum content > 8 μM was recorded only at one station. 

F i g.  5. Vertical distribution of phosphates at sections 1–4 in June, 2018 

PHYSICAL OCEANOGRAPHY   VOL. 28   ISS. 5   (2021) 544 



“Shuttle” transfer of phosphates near the boundary 
of the hydrogen sulfide zone. 

In 1986, G. Schaeffer was the first to describe the phosphates vertical profile 
in the Black Sea with the minimum and maximum concentrations, having called it 
“the large phosphate anomaly dipole” [18, p. 515]. He assumed the existence of a 
“shuttle” for transporting the phosphates in the form of rapidly descending metal 
oxides. The Fe3+ oxides existing in the oxygen-containing zone adsorb phosphates 
and form a solid phase, in which, when it submerges into the oxygen-free zone, the 
Fe3+ ions are reduced to the Fe2+ ions which exist in the dissolved form. Due to 
diffusion, the latter (Fe2+ ions) rise to the oxygen-containing zone where they are 
oxidized to Fe3+, transform into the suspended form, again adsorb phosphates, 
submerge and so on. The minimum on the vertical profile corresponds to the state 
when all the phosphates are adsorbed on the Fe3+ oxides, the maximum – when all 
the Fe3+ oxides have been reduced to a soluble form of Fe2+ and “have given back” 
the phosphates to the water column. 

The quantitative estimates allowed G. Schaeffer to explain about 40 % of 
the phosphates transport at the interface between the oxygen-containing and 
hydrogen sulfide waters. Further study of the phosphate transfer mechanism 
showed that the manganese compounds were also involved in this process [19–22]. 
The detailed study of the “iron shuttle” structure based on the data from [14], 
showed that it was an intricate complex, in which a cluster of phosphates on 
the iron (III) oxide-hydroxide moved up and down as a part of magneto-bacteria. 
By whichever of the mechanisms the phosphates cross the hydrogen sulfide 
boundary, the most important feature is the dissolution of phosphates sorbed by 
the Fe3+ oxides-hydroxides during their reducing in the hydrogen sulfide layer. 

The reason of increase in the phosphates maximum concentration on 
the isopycn 16.2 kg/m3 in 2018 revealed in the MHI expeditions is, in our opinion, 
associated with the construction of the Kerch Bridge. From the side of the Crimea 
coast, the bridge supports are located 2–3 km to the north of the Kamysh-Burunsky 
iron ore deposit, and from the mainland side – 3 km to the north of the Cape 
Zhelezny Rog. It means that the bridge is located over the iron ore deposits which 
includes not only the hydrated iron oxides (goethite, limonite, etc.), but also 
azovskite Fe3(PO4)2(OH)3 containing phosphate. Construction of the pile 
foundations of the Kerch Bridge supports on land began on March, 10 and in 
the sea areas – on May 17, 2016. By the beginning of 2018, almost all the piles for 
 the automobile and railway parts of the future bridge, more than 6.5 thousand, 
were installed. Some of them were driven into the ground to a depth 
105 m that corresponds to the height of a 35-storey building 
(https://tass.ru/info/5200479). 

One should assume that when drilling the bottom to install the bridge supports, 
significant amount of the bottom sediments in the form of suspended matter were 
raised to the seawater. This process had no any effect on the phosphates 
concentration in the surface waters, since the iron phosphates contained in 
the sediments were in a bound form. The suspension was gradually transported to 
the Black Sea by the current; there (presumably at the beginning of 2018) it 
reached the shelf edge and while settling, it gradually reached the hydrogen sulfide 
zone with its reducing conditions. The subsequent reduction of phosphate Fe3+ to 
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phosphate Fe2+ resulted, according to the scheme described above, in transition of 
the phosphates to the aqueous phase. 

Due to the eastern cyclonic circulation, the layer with the increased phosphates 
content at the hydrogen sulfide zone boundary spread mainly to the southeastern 
part of the sea [23] (east of section 4). This layer was transferred by the Rim 
Current also to the west reaching 34°E (section 3) and, in some cases, even sections 
2 and 1 (Fig. 1). The increased phosphate concentrations may have occurred in the 
northeastern part of the sea prior to 2018 (in particular, [17] reports on the 
phosphate concentration 375 mg/m3 (≈ 12 μM) at the 200 m depth), but in 2016–
2017 MHI did not perform hydrochemical studies to the east of the Kerch Strait. 

The assumption of the authors about the influence of a large-scale construction 
on the vertical transport of phosphorus compounds over a large part of the adjacent 
water area permits to explain high phosphates concentration (> 10 μM) at 
the coastal station (44°40ʹN, 37°35ʹE; marked by a circle in Fig. 1) at the 55 m 
depth (tσt = 14.4 kg/m3) and its maximum value (17 µM) at 44°30ʹS (section 4) in 
June, 2018. 

Conclusions 
Analysis of the data on the phosphates and dissolved organic phosphorus 

vertical distributions from the surface to the isopycn 16.3 kg/m3 obtained in 10 
expeditions of Marine Hydrophysical Institute in the Black Sea (economic zone of 
Russia) in 2016–2018 permits to conclude that: 

1. The phosphates and Porg content from the surface to the isopycn 14.4 kg/m3

did not exceed 0.1 μM; below, the phosphates concentration increased, whereas 
the Porg concentration remained approximately the same. 

2. On all the profiles, the phosphates minimum concentrations (0–1.5 µM)
were recorded at σt = 15.8 kg/m3 and the maximum ones – at σt = 16.2 kg/m3. 
In 2016–2017, the maximum concentration was ∼ 8 μM; in 2018 in many cases, it 
exceeded 12 μM, and to the south of the Kerch Strait it reached 17 μM. Such 
an increase in the values at the upper boundary of the hydrogen sulfide zone is 
assumed to be related to additional amount of the inorganic phosphorus compounds 
formed as a result of the Kerch Bridge construction. 
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