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Abstract: In this study, we investigated the carbonate system in sediments and water columns
from five stations in the Sea of Japan (East Sea) (JES) during the R/V Hakuho Maru KH-10-2
research cruise in the summer of 2010. The total alkalinity (TA) and pH were measured. Adopting
a saturation degree of 91% and 80% for the lysocline depth and calcite compensation depth (CCD),
respectively, we found that those depths corresponded to 1360 and 1980 m. A comparison of the
calcite saturation depths, lysocline depths, and CCD depths obtained for 1999 and 2010 suggests
that acidification of the interior of the JES occurred. Sediment cores were retrieved using a
multi-corer. In the sediment cores, a sharp decrease in the pH by 0.3-0.4 pH units was observed in
the subsurface horizons (0-10 cm) compared with the pH of the seawater from the bottom
horizons. The TA in the porewaters was significantly higher than that in the overlying seawater.
The anaerobic degradation of organic matter is probably the main cause for the increasing TA in
the sediments. The porewaters were significantly undersaturated with calcite and aragonite, except
in that from the shallowest station, where the sediments below 7.5 cm were saturated, and even
supersaturated, with calcite and aragonite. A linear correlation between the dissolved inorganic
carbon and the TA for sediments with a slope of 0.9993 was found, despite there being potentially
different ways for the diagenesis of the organic matter to occur. The diagenesis of organic matter in
the top sediments of the JES forms gradients of TA and CO2* concentrations on the interface of
“bottom water—sediments”. Averaged fluxes of TA and dissolved inorganic carbon (DIC) from the
sediments to the bottom waters estimated by means of Fickian diffusion were calculated as 44 and
89 mmol/(m? year) for TA and DIC, respectively.

Keywords: carbonate system; marine sediments; acidification; Japan/East Sea

1. Introduction

The carbonate system in seawater is one of the most important topics in modern
oceanography. This system inherently links such global processes as acidification of the
world’s ocean [1-4] and eutrophication of the coastal ocean [5,6]. Both global processes
occur in the Sea of Japan (East Sea) (JES) and can play an important role in the
geochemistry of the carbonate system. Using experimental data of total alkalinity (TA),
pH, and dissolved inorganic carbon (DIC) obtained in 1992, 1999, and 2007 for depths of
50-1000 m, Kim et al. [7] estimated the effect of anthropogenic CO2 on the saturation
depth for aragonite (€2, =1). The anthropogenic CO: that accumulated in the JES from

1800 to 1999 has variably displaced the Q =1 depth upward by 50-250 m [7]. There is

strong experimental evidence that acidification of the JES occurs due to the increasing
carbon dioxide partial pressure in the atmosphere [8]. It was found that the acidification
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rate near the bottom of the JES is 27% higher than the rate at the surface [9]. Based on
detailed hydrological and hydrochemical surveys conducted during the 2006-2012
period, seasonal hypoxia caused by eutrophication was discovered in the Peter the Great
Bay of the JES [10,11]. There is increasing atmospheric anthropogenic nitrogen
precipitation on the surface of the JES [12], which may be one of the reasons for the
acidification of the interior JES [13,14]. The carbonate chemistry of the JES has been
extensively studied [15-20], particularly in recent years [21-23].

However, our knowledge regarding the carbonate system parameters in the
sediments of the JES is much more limited. In specific areas of the JES, active
geochemical processes impact the carbonate system parameters of the bottom waters
[24]. The most important are the results obtained under the umbrella of the Ocean
Drilling Program [25,26] and during the study of the sulfate methane transition zone in
the Ulleung Basin of the JES [27]. The state of the carbonate system of seawater,
especially the saturation degree depth of calcium carbonate, impacts the sediment
composition and calcium carbonate preservation in the ocean [28,29]. We believe that the
main reason for the gaps in the study of the carbonate system in sediments is
methodological problems with sediment and porewater sampling, and the measuring
parameters for the carbonate system.

There are two main approaches for studying the carbonate chemistry of marine
sediments. The first includes in situ measurements of the parameters and/or sampling
[30-33], and the second includes the recovery of sediment cores with a consequential
sampling of the porewaters and measurement of the carbonate system parameters on
board ships [34-36]. Both approaches have limitations. The second approach was used in
this study. During the R/V Hakuho Maru KH-10-2 cruise, sediment samples were
recovered from five stations using a multiple corer. The pH values of the sediments and
the TA of the porewaters were measured on board the R/V. For the same stations,
carbonate system parameters were measured in water columns. The profiles of the
measured TA, calculated pHin s, and saturation degrees of calcite from the water
columns and sediment cores are compared and discussed. The carbonate system of
sediments of the JES is presented for the first time.

2. Study Area

The JES is very well ventilated at all depths from the surface to the bottom, and
oxygen in the intermediate waters is higher than in adjacent basins [37]. The subpolar front
separates the JES into northern and southern parts at approximately 38° N—40° N. For this
reason, stations located near the KH-10-2 cruise crossed a subpolar front (Figure 1).
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Figure 1. Locations of the hydrochemical and geochemical stations in the Japan/East Sea KH-10-02,
2010.

The chemical composition of the sediments reflects and is controlled by the type of
sedimentary environment, which mostly contains the productive processes of the studied
area. There is almost no phytoplankton with carbonate skeletons in the JES [38].
Copepods form a major part of the zooplankton [39]. In the southern part of the JES on
the shelf, foraminifera plays an important role in forming carbonaceous sediments [40]. A
general view of the sediments of the JES is presented in [41]. According to that study, the
sediments on the shelves and bank tops are largely coarse-grained green and moderately
calcareous sands containing less than 1% organic carbon. Those on the basin slopes are
fine-grained green (grading to olive-brown below a depth of approximately 1800 m) and
slightly calcareous silts containing 1-2% organic carbon. Yellow-brown clayey silts
containing less than 1% CaCOs and less than 1% organic carbon were found below a
water depth of approximately 2000 m covering the seafloor of the JES. These deepest
sediments approach the character of red clay that occurs in the open ocean primarily at
depths of more than 3000 m.

3. Methods

Location and sampling. During the R/V Hakuho Maru KH-10-2 cruise of five stations
in the JES, samples of seawater and top sediments were collected for TA and pH
measurements. The station locations are shown in Figure 1. A CTD-Carousel
multi-sampling system (Seabird, SBE-32) was used to sample the seawater via 12 L
Niskin bottles and to provide CTD (Seabird, Model SBE-911-plus) profiles. Seawater
samples were drawn as soon as possible after the rosette with the Niskin bottles was
brought onto the deck. Plastic flasks with a screw cap and approximately a 1 L volume
were used for the pH/TA sampling. The sediment samples were recovered using a
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multiple corer fitted with eight 60 cm polycarbonate core tubes with a 9 cm diameter.
The core samples were kept in a cold room (approximately 4 °C) immediately after
recovery. The overlying supernatant water was placed into a 1 L plastic bottle using a
siphon system for further determination of the pH and TA. This supernatant water was
accepted as “zero” horizon in the sediment core. The pH values were measured for each
sediment layer that was 3 cm thick. After the pH measurements, each layer was sliced
and put into a squeezer. Porewater samples were obtained by squeezing the given
sediment layer, and the TA was then measured for these samples.

Calcium measurements in porewater. The samples for the determination of
dissolved calcium in porewater were acidified by supra HCI acid and were stored in the
refrigerator at 4 °C before analysis at the shore-based laboratory in POI (Pacific
Oceanological Institute). Dissolved calcium in porewater was analyzed by
complexometric titration of 1 mL of porewater dispensed in 10 mL of deionized water
using the same procedure as with seawater analyses [42]. A Brinkman/Dosimat 665
motor-driven piston burette reproducible to +0.001 mL in the delivered volume was
applied for analysis. Based on the analysis of porewater replicates, an analytical precision
of +10 umol/kg (n = 8) for calcium in porewater was achieved in this study.

Ammonium measurements in porewater. Ammonium was analyzed applying
standard photometric procedures on a UV/VIS spectrometer model mini 1240
(Shimadzu) [43]. For the ammonia determination, 1 mL water samples or standards were
diluted with 4 ml Milli-Q water, and 0.2 mL phenol solution was added. After 2 minutes,
0.1 mL citrate buffer and 0.2 mL DTT reagent were added, and the samples were kept at
room temperature protected from sunlight for approximately 24 hours before the
absorbance of indophenol was measured at 630 nm. The precision of this method is +0.01
pmol/L.

TA measurements. Bruevich’s method was used for the determination of the TA in
seawater and porewater [44]. This method can provide measurements for small volumes
of samples (1 mL) [45], which is important for studying porewater samples. This method
involves direct colorimetric titration by hydrochloric acid in an open cell using a mixed
indicator (methylene blue and methyl red). The titration was performed under CO:-free
conditions by flushing the sample with argon during titration. The equivalence point was
visually detected. The acid was calibrated by Dickson’s CRM [46], which was performed
at each station. The analytical precision was +2.5 pmol/kg.

The CRM and seawater samples were titrated using a Dosimat 665 motor-driven
piston burette (10 mL, with reading resolution +0.001 mL). The solution color at the
endpoint of the titration must change from green to light pink and be stable (no change
for 1 min). The total titration time requires approximately 7 min. The intercalibration
method for measuring the TA in seawater was demonstrated to be in good agreement,
within +1 pumol/kg [44] for Bruevich’s method, with the Dickson method, which was
certified by the National Bureau of Standards, USA [42]. Our TA data were systematically
higher on 4 umol/kg with SD =2 umol/kg compared with the ones obtained in 1999 [17]
for the nearest stations (60, 64, 95, 109, 112, 135). Assuming that TA has no temporal
dependence, 4 umol/kg was subtracted from the original TA values obtained in this
cruise.

Samples of the porewater were analyzed for TA 2-3 hours after squeezing. In this
case, 1 mL of porewater dispensed in 10 mL of deionized water was titrated using the
same procedure as described above for the seawater. Bruevich’s method is convenient for
working with small volumes of samples, avoiding the errors caused by H:S oxidation
during titration by flushing the titrated solution with argon [44]. Replicate measurements
(n = 8) indicated stable values, and an analytical precision of +10 umol/kg for the total
alkalinity in the porewater was achieved in this study.

pH measurements were performed using a cell without a liquid junction:

+|test - solution

(reference - solution) H" - glass - electrode (4)

glass - electrode - Na
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The theoretical background of the application of the above cell for pH
measurements in seawater has been provided elsewhere [47,48]. EMF (electromotive
force) measurements of the cell (A) allow for the calculation of the pH using the
following equation:

F(E —F
pH, = plal il ), + LB g {(mws

RTIn(10) (my, ),
log[(y2), ]-log(1-0.00100511-S)

~log|(rx.)
} Og[(y )]+ "

where R, T, and F are the gas constant, Kelvin temperature, and Faraday number,
respectively; p(a; /y%,). = —log(a) /yy,), illustrates the assigned value of the

standard buffer solution used for the calibration of cell (A); £, and E_ represent the
EMF of cell (A) measured in the standard and test solution, respectively; (7,,), and
(my,), denote the molalities of sodium ions in the standard and test solution

respectively; (¥y,), and (1), constitute the activity coefficients of sodium and

hydrogen ions, respectively, in the test solution on the “Pitzer scale” [48-50]; S is the
salinity; and pH, represents the pH of the test solution on the “total concentration of

hydrogen ion scale”, which is generally accepted [51]. Using the model of the chemical
composition of major ions in seawater suggested by [52], the relationship between the
molality of Na* and salinity can be obtained as follows:

(my,), =13.387-5 /(1000 —1.00511-.5) ®

The calculations that take into account the activity coefficients of sodium, (7§a ).,

and hydrogen, (}/ll; )., ions in seawater are described in detail in [48].

The pH of the seawater was measured as soon as possible after sampling using a pH
meter, which contained two high-impedance inputs (Orion, model EA 940). The two
glass electrodes (sodium and pH) were connected to a pH meter via high-impedance
inputs, and one reference electrode was connected to both “ref” inputs on the pH meter.
The EMF values from two channels of the pH meter were read out when the temperature
of the sample reached 15 °C. The difference between the two EMF values of these
channels provided the value of the EMF of the cell (A). The main body of the JES has a
low temperature; to prevent bubble formation inside the cell, we measured the pH at 15
°C, rather than at the commonly accepted temperature of 25 °C.

Cell (A) was calibrated using a TRIS-TRISHCI-NaCl-H20 buffer solution as the

primary standard. The composition of the buffer solution was: My, =04 ;
Mogpis = Mopisic; = 0-04 . The values of p(a;; / ;). as a function of the ionic strength

and temperature are given in [42]. At t =15 °C and [ = 0.44, the p(a;, /) = 8.3986.

The buffer solution was poisoned by a saturated solution of mercury chloride added at
200 uL per 1 L. The rubber stopper on the bottle with the buffer solution included an
ascarite tube to prevent the buffer from being contaminated by CO: in the air. The buffer
solution was transferred into the cell using a siphon system. After half an hour, the EMF
values for cell (A) were read out over 10 min. The pH of the seawater on the “total
concentration of hydrogen ion scale” was calculated via the equation:

(pH;),_,s =8.3986 + F(SE“;) +10g(0.4) —1og[13.387- S /(1000—1.00511- 5)] -

®)
logl(y%,), ]+ logl(74), 1~ log(1 - 0.00100511-5)

From the measured EMF data of cell (A) and from the salinity data, the pH vales of
the seawater samples at 15 °C were obtained using Equation (3). The typical
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reproducibility of cell (A) was approximately +0.2 mV, which is equivalent to +0.004 pH
units.

The pH of the sediments was measured with almost the same equipment as that
used for the pH measurements of the discrete seawater samples, except for the pH meter.
A pH meter from Orion (model 720) was used to measure the pH of the sediments. To
minimize the degassing process for the sediments, the measurements were performed in
a cool room with an ambient temperature of approximately 3-5 °C. Before the
measurements, the electrodes for cell (A) with a temperature probe were rinsed using
seawater from the bottom horizon and wiped with a Kimwipe. They were then punched
into the sediment at a 2-3 cm depth, and the EMF of cell (A) was recorded by computer
over 20-25 min. The typical time dependence of the EMF in the sediments is shown in
Figure 2.

7.65 r

7.60 °

pHy (t)
-
3
°

7.40 F L

7'35 1 1 1 1 1 J

Time, min
Figure 2. Time dependence of the measured pHr in the sediment core (Station CR14).

Next, electrodes were removed from the sediments and put into a cap containing
seawater from the bottom horizon. The core was pushed up from the bottom of the
polycarbonate core tubes to 3 cm. The 3 cm-thick layer was sliced to obtain porewater,
and the next layer was then ready for pH measurement. Cell (A) was calibrated using a

TRIS-TRISHCI-NaCl-H20 buffer solution at 3, 5, 7, and 10 °C, and the ES values as a

function of temperature were obtained (Figure 3).
The pH values of the sediments for a given temperature, t, were calculated using the
following equation:

F(E,-E
(E, ~E), +1og(0.4) —log[13.378- 5§ /(1000 —1.00511- )]
RT In(10) (4)

~logl(r%). ] +logl(7h), 1, ~log(1-0.00100511-5)

[PH. 1, =[p(ag /1% )], +

Here, “t” is the temperature at which the EMF of cell (A) was measured in the

sediment core. The (E), values were calculated using the empirical relationship:
(E), =a+b-t (5)

The empirical coefficients “a” and “b” were obtained by the least square method
using calibration data (Figure 3). This method prevents any errors regarding the liquid
junction potential, which can be unusually high in reduced sediments [34]. However, the
used procedure has potential errors, such as the degassing and oxidation of the sediment
during pH measurement. For this reason, the period of each measurement was no longer
than 25 min, and at the end of this period, the scatter of recoded pH values did not exceed
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+0.01 pH unit. The error of the pH measurements in the sediment was adopted as +0.01
pH unit.

t,°C
0 2 4 6 8 10 12
-108
-109 |
-110
5 -111 f
g
4 -112 |
=
-3 |
-114
-115 |
-116 L

Figure 3. The temperature dependence of cell (A) in the TRIS-TRISHCI-NaCl-H20 buffer solution
( My, =04 5 Mpgg = Mipigne = 0.04 ). Station CR14 (39°32.316' N; 136°40.416' E),

KH-10-02, 17 June 2010, JES. (E,), /mV =-118.07+0.9112-t; r2=0.9995.

The seawater pHr data obtained at 15 °C (Equation (3)) and the (pHrt): of the
sediments obtained at temperature “t” (Equation (4)) should be considered as the
carbonate parameters that can be used with the TA to calculate all other parameters of the
carbonate system.

Calculation of carbonate system parameters

Dickson [53] provided an exact definition of TA that included fluoride, sulfate,
borate, silicate, ammonia, and hydrogen sulfide in basic form (acceptor H*) and acid form
(donor H*) regarding zero level (pK =4.5):

TA =[HCO; ]+ 2[CO? ]+[B(OH), ]+ [OH ]+[HPO? ]+ 2[PO} ]+[HS ]+ ©
[SiO(OH), ]+[NH,]+...—[H"]-[HF]-[H,PO,]-[HSO, ]-[HNO,] ...
At natural pH waters (7-8), Equation (4) is significantly simplified:
TA =[HCO; ]+ 2[CO; ]+[B(OH), ] +[HPO; ]+ 2[PO; ]+[SiO(OH), ]+
[HCO; 1+ [HS ]+ [NH,]+[OH]

For an aerobic basin with a high nutrient concentration, Equation (7) is reduced as
follows:

TA =[HCO; ]+ 2[CO? ]+[B(OH), ]+ [HPOZ ]+ 2[PO} ]+[SiO(OH), ]+ .
[HCO; ]+ [NH,]+[OH ] ®)

However, for an aerobic basin such as the JES with a low nutrient concentration,
Equation (7) is reduced to sum carbonate and borate alkalinity [54]:

(Kcay +2K,Kye)
(aIZ—I +ayuK o + K cKyo)

TA =DIC +B. Ky/(a; +Kp)+ K /ay, 9)

where: Kic and Koc, and Ks, are apparent dissociation constants of carbonic and boric
acids, respectively; Kw represents ionic products of water; Br stands for the total
concentration of borax in seawater, which is calculated from the known salinity of the
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sample by the relationship: Br= 0.000416(S/35) [55]; au is hydrogen ion concentration
(ay = 10"""7)y; and DIC is defined as follows:

DIC =[CO]+[HCO;]+[CO?] (10)

where [CO2*] = [COz]dissolved gas + [H2COs]motecutar carbonic acid [56]. We calculated the DIC by
means of Equation (9) for seawater and porewater using the measured TA and pHr data.
In this case, the dissociation constants in the “total hydrogen concentration scale” were
taken from [56]. TA and DIC are invariant with respect to temperature and pressure, and
permit the calculation of pHin siu [54], using dissociation constants for the given
temperature, salinity, and pressure. The pressure effect on the dissociation constants was
taken into account according to recommendations by Millero [55], which provided
relationships for calculations of solubility products of calcite (Kspc) and aragonite (Kspa).

Thus, we were able to calculate the saturation degrees ). and €2, of seawater and

porewater with respect to calcite and aragonite, respectively:

Q, =[Ca*]-[CO; V/Ksp,; Q, =[Ca**]-[CO; V/Ksp, (11)

where [Ca“] and [CO?] are concentrations (mol/kg) of calcium and carbonate ions,

respectively. The calcium concentration for porewaters in the studied samples are given
in Table S1 in the Supplemental Materials. The calcium concentration for seawater was
calculated by the relationship [Ca]=0.01028-S/35 [55], which is in good agreement

with the original calcium data for the JES [20]. The errors caused by neglecting other
acid-base systems on the calculated carbonate system parameters will be discussed later.

All statistical tests were performed using statistics software for Excel. A regression
analysis (i.e., LSM) was performed to obtain empirical relationships between the
chemical variables. The statistical tests were characterized by the 95% confidence interval
(i.e., p<0.05) and R

4. Results and Discussion

Water column. The concentrations of silicates and phosphates in the seawater of the
JES are in ranges from 0.75 to 91 and 0.02 to 2.1 mol/kg, respectively (Talley et al., 2004).
Using nutrient, pH, and alkalinity data obtained in 1999, the contribution of silicates and
phosphates on the calculated carbonate system parameters was taken into account. The
effects vary from 0 to 3 umol/kg in DIC, +0.01 in saturation degree, and less than 0.001 pH
unit. Thus, the errors caused by neglecting the contribution of silicates and phosphates
on the calculated parameters of seawater are significantly less than the experimental
ones.

The calculated pHinsitu data are presented in Figure 4. The in situ pH values obtained
in this cruise for horizons below 500 m are systematically lower compared to the ones
obtained in 1999 [17] for the nearest stations (60, 64, 95, 109, 112, 135), as demonstrated in
Figure 4.
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Figure 4. Vertical distribution of pHinsit (total of hydrogen concentration scale, [51]) in seawater of
the JES. Red points represent data obtained in 2010 (R/V Hakuho Maru KH-10-2); black points
represent data obtained in 1999 (R/V Revelle, Khromov).

The vertical distributions of the carbonate system parameters—normalized nTA
(nTA = TA x 35/S), pHinsi, and €2, €2, (saturation degree indices of calcite and

aragonite, respectively) —in the seawater column in the JES are presented in Figure 5. To
exclude the effects of atmospheric precipitation/evaporation and ice formation/melting,
nTA is used rather than TA [57]. Except for station CR14, the profiles of nTA demonstrate
a distinct minimum corresponding to 200-250 m depths. The upper layer (10-75 m) of the
CR14 station has a maximum salinity (34.081-34.140) indicating the Tsushima Warm
Water masses [37], which have low nTA (Figure 5; [15]). For this reason, the nTA profile
of the CR14 station does not reveal a minimum. The minimums revealed on nTA profiles
were observed before, and it was suggested that the minimum core of nTA originates
from the Kuroshio region, which has low nTA [15]. It should be noted that
photosynthesis and aerobic remineralization of organic matter impacts TA [57,58]. Using
Redfield stoichiometry [59] for organic matter, the process of aerobic respiration can be
formally represented by the following scheme:

(CH,0),,(NH,), H,PO, +138-0, —106-CO, +122-H,0+16-HNO, +H,PC 12

It should also be noted that aerobic remineralization of organic matter possibly also
contributes to the formation of a minimum vertical distribution of nTA (Figure 5).
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Figure 5. Vertical distributions of the carbonate system parameters for the seawater:
(a)—normalized TA (nTA = TA x 35/S); (b)—pHin sitw; (c)—saturation degree indices of calcite;

(d)—saturation degree indices of aragonite.

The saturation degree of calcite and aragonite continuously decreases with depth
due to pressure and temperature effects on the solubility of solid calcium carbonate. The
average depths of calcite and aragonite saturation for the five stations (CR41, CR47,
CR02, CR58, CR14) were 960 m and SD =12 m, and 286 m and SD = 87 m, respectively.
Our estimations of the saturation depth for calcite and aragonite involved potentiometric
pH and Bruevich’s data for the TA obtained in 1999 for five stations in a similar region
(60, 64, 95, 109, 112, 135; [17]), which were 1132 m with an SD = 80 m, and 386 m with an
SD =133 m. In the early 1990s, however, saturation degrees were obtained at depths 1300
m and 300 m for calcite and aragonite, respectively [15]. There is great uncertainty in the
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estimation of aragonite saturation depth due to mostly intense mesoscale water
dynamics above 500 m [60].

Nevertheless, the main difference between the calcium carbonate (calcite and
aragonite) saturation depths in 1999 and 2010 is likely to be the interior acidification of
the JES [7,9,13,14]. Systematically, the differences in pHin siu values between the two
datasets (1999 and 2010) demonstrated in Figure 2 are additional evidence supporting the
notion that acidification of the interior of the JES occurs. For a qualitative estimation of
the acidification, all the pH data were grouped into five depth intervals: 500-1000 m,
1000-1500 m, 1500-2000 m, 2000-2500 m, and 2500-3400 m. Each group contained, as a
minimum, 10 original pH values. Within each group, for a given year (1999 and 2010), the
pH values were calculated for nominal depths (750, 1250, 1750, 2250, and 3000 m) using
the empirical dependences of given parameters as functions of depth. These empirical
dependences were obtained using the least squares method (LSM). Each value, corrected
for nominal depth (i), was then used for the estimation of a temporal variability rate as
follows:

RipH = [pHizom _pHi%g 1/(2010-1999) (13)

iy
1

where superscript “i” is nominal depth. In Table 1, the averaged acidification rates and
SD are compared with those obtained for the north-western part of the JES [13].

Table 1. Acidification rates (pH unit/year) of the JES at different depths in the north-western [36]
and eastern parts (this study).

Depth Rate @ SD @ Rate @ SD @
750 -0.0030 0.00035 -0.0038 0.0010
1250 -0.0018 0.00019 -0.0017 0.0005
1750 -0.0009 0.00012 -0.0010 0.0004
2250 -0.0006 0.00015 -0.0006 0.0002
3000 -0.0007 0.00016 -0.0011 0.0003

O Acidification rates in the eastern part of the JES and its standard deviations are estimated in this
study, using pHinsitu data obtained in 1999 and 2000 years (Equation (13)); @ Acidification rates in
the north-western part of the JES and its standard deviations are estimated in [13].

Despite the large SD in estimations of the acidification rates in this paper (Table 1),
they are in good agreement with those obtained before for the north-western part of the
JES. In other words, the acidification rate is very similar for the whole JES. It has been
documented that a decrease in dissolved oxygen [9,61] and an increase in nutrients and
DIC [13] has occurred in the JES. This suggests that the remineralization of organic matter
(Equation (9)) in the interior of the JES is not a steady-state process.

Our results demonstrate that the measured pH and DO (dissolved oxygen)
concentrations in intermediate, deep, and bottom water masses have been decreasing
over recent years [36]. On the other hand, calculated NDIC (normalized dissolved
inorganic carbon), pCO~CO2 partial pressure, and measured nutrient concentrations
have been increasing. Maximum rates of acidification and deoxygenation are occurring at
around 750 m. The annual rate of pCO: increase in the water exceeds the atmospheric
rate more than two times at a depth of 750 m. The observed variability in the
hydrochemical properties can be explained by the eutrophication of the JES, rather than
by the cessation of the ventilation of the deep waters [36]. A modeling study of the
acidification of the deep and bottom waters of the JES suggests that a combination of
reduced deep/bottom water formation and an increase in organic matter remineralization
can best explain the observed pattern of rapid acidification in deep waters [14].

The interior acidification of the JES impacts such geochemical parameters as
“lysocline” depth and “compensation depth”. According to [29], mid-depth sediments
are rich in CaCOs, and those from abyssal depths are devoid of CaCOs. These two realms
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are separated by a transition zone that spans several hundreds of meters in water depth,
over which the CaCOs content drops toward zero from the 85-95% values that
characterize mid-depth sediment. The upper bound of this transition zone has been
termed the “lysocline” and signifies the depth at which dissolution impacts become
noticeable. The lower bound is termed the “compensation depth” and signifies the depth
at which the CaCOs content is reduced to 10% [62]. Adopting a saturation degree of 91%
as a qualitative reference for the lysocline depth of calcite [63], the average depths for the
five stations were 1500 m with an SD =21 m, and 1360 m with an SD = 12 m in 1999 and
2010, respectively. Using a saturation degree of 80% as the reference calcite compensation
depth or CCD [63], the average depths for the five stations were 2100 m with an SD =70
m, and 1980 m with an SD = 14 m in 1999 and 2010, respectively. Despite the large
uncertainty in the estimation of the lysocline and CCD depths, the main differences in the
values for 1999 and 2010 can be attributed to the acidification of the JES. Ichikura and
Ujiie [64] reported that diatomaceous yellowish-brown or brown clays are widely
distributed over the deep seafloors of the Japan, Yamato, and Ulleung basins. They
estimated a CCD between 1500 and 2000 m due to the occurrence of planktonic
foraminifera [64].

Sediments. The application of Equation (9) is too simplified to study the carbonate
system of the sediments as, due to the early diagenesis of organic matter, nutrient
concentrations may be significantly increased in the porewater. Indeed, our analysis of
the JES seawater demonstrated trace concentrations of ammonium (as a rule, less than 1
umol/L) during the expedition on R/V Khromov 2000. Ammonium concentrations of
porewaters reach 40 pmol/L (Table S1). Unfortunately, we were not able to carry out an
analysis of phosphorus and silica concentrations in porewaters during the cruise.
However, these concentrations may be estimated using two assumptions. First, the
hydrochemical properties of the deep waters of the JES are very uniform [17]. Therefore,
the phosphorus and silica concentrations in the bottom waters can be accepted as 2 and
90 umol/L, respectively, for all stations, except station 34, the depth of which is 554 m.
Using published data [17], [P]> and [Si]o (subscript “b” meaning “bottom water”) were
estimated as 1.7 and 50 umol/L, respectively. The second assumption is the application of
the following ratios: N:P = 16 [56] and Si:N = 1.2 [65]. Thus, the estimated concentrations
via the ammonium concentrations of the porewater samples (Table S1) for i horizons
were [P]i= [P]b + [NH4]i/16 and [Si]i= [Si]o + 1.2[NHa]1, and are listed in Table S2. In this
case, TA is defined by Equation (8). In the calculations of the carbonate system
parameters of the sediments, the salinity and temperature of the bottom waters were also
used for the dissociation constants and total borax concentration calculations.

The results obtained by means of Equations (8) and (9) were very similar. The
differences in DIC values obtained by the two approaches did not exceed 5 pmol/kg. The
differences in pH did not exceed 0.001 pH unit, and there was no change in the
calculation of saturation degrees regarding calcium carbonates. We did not include the
hydrogen sulfide acid-base system in our consideration, as sulfide ion is a very reactive
species with regard to trace metals, and all forms of this system are intensively oxidized
by any electron acceptors, and the sediments had no odor of H:S. Below, the results
obtained with the additional involvement of phosphate, silicate, and ammonium
acid-based systems (Equation (9)) will be considered.

The parameters of the carbonate system, pHinsit,, TA, €2, and €2, are presented in

Figure 6 for the sediments on the studied stations (Figure 1). These results support the
generally accepted view that the pH of sediments gradually decreases compared with the
above seawater, except for horizons below 7.5 cmbsf at the CR34 station. The porewaters
of all other studied sediments are undersaturated with calcite as well as aragonite. The
supernatant waters have almost the same values of pHinsitw and TA as those in the bottom
waters for all stations, except for the CR34 station again, where the pH was lower
compared with the values for the bottom water. Figure 6 demonstrates the sharp
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lowering of the pH by 0.3-0.4 pH units in the subsurface horizons (0-10 cm), which is
caused by active biogeochemical processes within this top sediment layer. The TA in the
porewaters is significantly higher than that in the overlying seawater. The anaerobic
degradation of organic matter is likely the main cause for the increasing TA in the
sediments. Of note, the most considerable increase in TA in the porewater was observed
at the CR47 station, which is located in the subpolar front (Figure 1). A plot of the
calculated DIC vs. TA in the sediments shows a linear correlation (Figure 7) with the

following empirical relationship:
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Figure 6. Vertical distributions of the carbonate system parameters for sediments: (a)— pHin situ
(total hydrogen concentration scale, [51]); (b)—total alkalinity; (c)—saturation degree indices of
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Figure 7. Relationship between DIC and TA in the sediments. The solid blue line was obtained
using the least squares method. DIC (umol/kg) = 56.2 + 0.9993 x TA; 12 = 0.98, which closely
corresponds to the theoretical relationship for the bacterial sulfate reduction that uses
carbohydrates as the organic matter [33] when ADIC:ATA = 1. SW—measured TA and calculated
DIC for the seawater column from all studied stations.

In contrast, DIC vs. TA in the seawater column of all stations shows an almost
vertical line (Figure 7). This is unsurprising for seawater because the aerobic degradation
of organic matter impacts slightly on the TA and significantly increases the DIC. The
linear correlation of DIC from TA in the sediment can be explained by bacterial sulfate
reduction [66]:

(CH,0),,,(NH,), . H,PO, + 53S0 — 106HCO;

(15)
+53H,S+16NH, + H,PO,

According to Equation (15), the slope should be “1”. However, Equation (15) is not
the only reaction under anaerobic conditions; oxygen limitation initiates alternative
electron acceptors by anaerobic organisms (mainly microbes). Following oxygen
depletion, anaerobic respiration is sequentially based on nitrate, manganese, and iron
hydroxides and sulfates [67,68]. The participation of different electron acceptors in the
diagenesis of organic matter provides different relationships between TA and DIC. In
this case [66]:

(CH,0),,,(NH,),,H,PO, +94.4HNO, —>106CO, +55.2N,

1
+177.2H,0+H,PO, (16)
(CH,0),,,(NH,),H,PO, +236MnO, +472H" —106CO, .
+366H,0 +236Mn** + 8N, + H,PO, a7

(CH,0),,(NH,),,H,PO, +424FeOOH + 848H" —106CO, s)

+742H,0 + 424Fe** +16NH, + H,PO,

Different electron acceptors provide different increases in DIC and TA. For
Equations (16)—(18), the ratios of ADIC: ATA will be 106:94.4 (1.123), 106:471 (0.225),
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and 106:847 (0.125), respectively. In this case, we expect significant variations in the slope,
depending on the DIC vs. TA. However, the solid calcium carbonate in sediments can
take part in the anaerobic oxidation process of organic matter and smooth the variations
in the increases in DIC and TA [66]. Assuming that calcite provides saturation conditions
in porewaters during the oxidation reaction, Equations (16)—(18) should be rewritten as
follows [66]:

(CH,0),,,(NH,), H,PO, +94.4NO; +11.6[CaCO, ], — 117.6HCO;

+55.2N, +71.2H,0 + H,PO, +11.6Ca** (1)
(CH,0),,,(NH,),,H,PO, +236MnO, +366Ca*" +260HCO; —>
366[CaCO,],,;, +260H,0 +236Mn*" + 8N, + H,PO, 20
(CH,0),,,(NH,), H,PO, + 424FeOOH + 758Ca*" + 652HCO; — o

758[CaCO;, ], +16NH! +636H,0 +2424Mn>* +H,PO,

soli

Thus, solid-phase calcite precipitates during the oxidation of organic matter by
hydroxides of manganese and iron (Equations (20) and (21)), or dissolves when organic
matter is oxidized by nitrate (Equation (19)). In these cases, ATA = ADIC and the
relationship of DIC vs. TA will look like the result of Equation (15). The slope, b, in the
relationship DIC=a+b-TA is almost “1” (Equation (14)) when all data are used.
However, the slopes are widely ranged between the stations (Table 2), despite the

parameter of a. (2, = DIC, - TA ); where DIC, and TA. are DIC and TA in supernatant

waters) being almost the same for each station (Table 2). It should be noted that we did
not use the actual measured Ca concentrations (Table S1) for the explanation slope in
Figure 7, as we felt that the errors in the determined calcium concentrations were
approximately 1%, despite the excellent method from Tsunogai [42]. Additional errors
possibly arose due to the transportation of samples from R/V Hakuho Maru to POI
(Vladivostok).

Table 2. Empirical parameters of linear dependences DIC vs. TA: a—intercept; b—slope;
n—number measurements; R2—the coefficient of determination and parameter of interstitial
waters; and ao (a0 = DICo — TAo); where DICo and TAo are DIC and TA in supernatant waters.

St a b n R2 ao
CRO02 -860.3 1.373 4 0.89 -44
CR14 -47.4 1.044 15 0.99 -40
CR34 68.8 0.980 9 0.94 =32
CR41 -110.2 1.079 17 0.99 -45
CR47 84.0 0.978 9 0.997 -40
CR58 -536.1 1.230 6 0.85 —-40

Evidently, if the diagenetic process in sediments is governed by Equation (15), the
slope should be “1” with an intercept at approximately “~40”. An increase in slope (b > 1;
a <—40) can be provided by contributions from the following reactions: (1) the oxidation
of H2S by oxygen penetrated into the sediments; (2) Equation (16) without involving solid
calcium carbonate; and (3) the interaction of H2S with Fe?. The opposite situation can
occur (b <1; a>-40) when Equations (17) and (18) participate in the oxidation of organic
matter rather than Equations (20) and (21). We have no additional geochemical
information to make a preferable conclusion regarding the abovementioned reactions.
The degassing of the sediment retrieved on board the ship will also resultinb <1 and a >
—40. We suggest that this situation occurred at the CR34 station.

The bottom waters at the CR34 station at a depth of 554 m are supersaturated with
calcium carbonate. However, the porewater is undersaturated with CaCOs in the top
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sediments within 0-7 cm due to anaerobic oxidation via bacteria and infauna. The
observed supersaturation of porewater by calcite and aragonite at the 10.5 cm horizon is
likely an artifact that may be caused by the degassing of methane from the sediments.
This station is not far from stations where near-bottom hydrochemical anomalies were
observed, which are probably caused by the venting of methane from the sediments [24].
We suggest that the precipitation/dissolution of CaCOs provides the pH stabilization in
the sediments that occurred above the CCD horizon (Equations (19)—(21)), in the case of
the CR34 station. However, in the cases where sediments occurred below the CCD
horizon (all stations except CR34), the calculations for the saturation degree obtained
from the measured pH and TA demonstrate that porewaters are strongly undersaturated
with calcium carbonate (Figure 6). The pH becomes quite stable 10 cm below the
retrieved cores. In the sediments of these stations, the solid phase of calcium carbonate is
not likely to be involved in the process of anaerobic degradation of organic matter.
Nevertheless, there is a mechanism that provides a stable pH state in the sediments and a
linear correlation between the TA and the DIC (Figure 7). Boudreau and Canfield [69]
assumed that precipitation of FeS plays an important role in offering a pH-state
mechanism in porewaters.

The effects of acidification on marine sediments have been widely discussed [70,71].
However, early diagenesis of organic matter in the sediments forms gradients of TA and
DIC, on the interface of “bottom water—sediments”. These gradients will generate fluxes,
Ji, of carbonate system components from sediments into bottom water. Thus it may
acidify bottom water. For estimation of this, we need knowledge about the fluxes of two
parameters of the carbonate system. DIC, in this case, is not an appropriate parameter,
because it is defined as the sum of three components (Equation (7)). Using pH and TA
data, we calculated COz*. Profiles TA, DIC, and CO:* are presented in Figure 8 for the

CR41 station. Accepting C, . =TA, fluxes of TA and COz* were estimated by means
of Fickian diffusion [72]:
D™ o(C,)
0*  ox

Ji =4 (22)

x=0

TA,DIC, CO,", ] mol/kg
0 500 1000 1500 2000 2500 3000 3500
0 l. . . v L o v "

[ ]
5 k@ [
® [ 1]
10 Fo L X}
® [
15 " o e
EZO L O [
Ln [ ] [ _J
925 o o
Bo }° et
D
35 p© L4 J
L4 ®o-1 (
4 Fe P ( 1
® ( 1]
: ®-3
BTle Y
50 ®

Figure 8. Vertical profiles of TA (1), DIC (2) and CO2* (3), umol/kg. CR41 station.
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where D™, 0C;/0x, ¢, and 6 represent the diffusion coefficient of specie “i” in

s

seawater, the vertical gradient concentration of specie “i”, porosity, and tortuosity,
respectively. Using TA and CO>* concentrations for five first horizons, their gradients on
the interface of the “bottom water-sediments” were calculated. Adopting ¢ = 0.8 and

0* =1.45 for surface sediments [73], fluxes of TA and CO* from the sediments to the
bottom water were estimated using Equation (22) and the available diffusion coefficient

of HCO; and CO2* [73]. The estimated annual fluxes of TA and CO: were from 16

(CR14) to 99 (CR47) mmol/(m? year) and from 10 (CR58) to 69 (CR14) mmol/(m? year),
respectively. The average fluxes were close: 44 and 45 mmol/(m? year) for TA and COs,
respectively, and 44 and 89 mmol/(m? year) for TA and DIC. This result contradicts our
finding presented in Figure 7. Indeed, Figure 8 demonstrates that TA concentration is a
little lesser at 3 cm horizon than one for supernatant water and then it is monotonically
increasing. However, increasing CO:* concentration starts from supernatant waters. Such
different behavior is probably caused by oxygen oxidation of HaS. This process will result
in a decreasing TA concentration and an increasing the CO2* concentration and no
change in DIC as we can observe in Figure 8. Obviously, this process will give slight
random points of dependence of the TA vs. DIC, because the span of TA and DIC
variations is large in comparison with the first 3-4 points regarding seawater/sediment
interface. However, we have too little information for a discussion on this matter, a more
detailed study is needed. Nevertheless, we do not exclude the acidification of seawater
by sediments. This process is well known on the shelf [6]. If additional TA and CO>*
concentrations come up from the sediments into the bottom waters and mix within 10
meters, the increments in the TA and DIC will be 4.4 and 8.9 pumol/kg each year,
respectively. Such an increment will give a drop pH of 0.016 pH unit within 10 meters of
the bottom waters. That signal is measurable and can be detected. However, our study of
the JES on R/V Hakuho Maru KH-10-2 cruise did not demonstrate such a decrease in pH.
Data in 1999 on R/V Revelle demonstrated a decreasing pH of 0.02 pH unit (Figure 4).
Furthermore, extensive study on the JES in 1999 [17] permitted that an established
hydrochemical anomaly caused geochemical activity on the continental slope in the
region of the Tatar Strait and in the southwestern slope of the Tsushima Basin [24]. The
occurrence of intensive mixing of waters is possibly the main reason TA and DIC fluxes
were not experimentally detected from sediments in the bottom waters. Additional study
of the interaction of the seawater/sediment interface is clearly needed.

The effect of the composition of the ionic medium on the stoichiometric constants of
carbonic acid and carbonate minerals is an important issue for accurate calculations of
the carbonate system in porewaters. This effect can be taken into account by empirical
equations relating the values of the stoichiometric constants to the prevailing salinity
[55,56]. Such a simplification is possible because concentrations of the major constituents
of seawater exhibit almost constant ratios to one another throughout the oceans [52].
However, relative concentrations of the major constituents are widely variable in the
porewaters of marine sediments due to the early diagenesis of organic matter, which
occurs in these often anoxic environments (sulfate reduction, mineral dissolution, and
precipitation). Therefore, the dissociation constants obtained in seawater cannot be
applied for the description of the carbonate system in anoxic marine sediments and other
seawater environments with anomalous major ion concentrations, as was noted
elsewhere [74,75]. In our case, the studied sediment cores were not long; therefore, the
chemical anomalies of the major constituents of the porewater were not large.
Nevertheless, we took into account the effect of the variability of major ion
concentrations on dissociation constants using the Pitzer method [49,50]. Using the
available Pitzer’s parameters, the empirical relationships were developed for estimation
variations in pKi,, pKs, and sp, caused by variations in the major ion concentrations
(Equation (S22)-(S27); Supplemental Material). The order of variability of calcium
concentrations in our case is approximately 0.2 mmol/kg (Table S1). This anomaly
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according to Equations (522)—(524) results in ApKi, ApKz, and Asp as 0.00025, 0.0068, and
0.01, respectively at t = 0 °C, S = 34 psu. The maximum variation in hydrocarbonate and
sulfate anion concentrations in the porewaters were 2 mmol/kg and 1 mmol/kg,
respectively (Figure 7; Equation (S15)). These anomalies provide uncertainties in ApKi,
ApKz, and Asp of 0.0014, 0.0047, and 0.0004, respectively at t = 0 °C, S = 34 psu. These
uncertainties are less than the experimental errors of the equilibrium constants and can
be neglected.

5. Summary and Concluding Remarks

We found a temporal variability in the JES seawater regarding the calcite saturation
degree depths of 1140 m and 960 m in 1999 and 2010, respectively. Adopting calcite
saturation degrees of 91% and 80% for the lysocline and CCD, respectively, the lysocline
depths decreased from 1500 m in 1999 to 1360 m in 2010, and the CCD depths also
decreased from 2100 m in 1999 to 1980 m in 2010. This result suggests that the
acidification of the interior of the JES occurred and that the sediments lost solid calcium
carbonate over time. A comparison of the carbonate system in the seawaters and
porewaters from the five stations located in the eastern part of the JES showed a sharp
decrease in the pH by 0.3-0.4 pH units in the subsurface horizons (0-10 cm) compared to
the pH of the seawaters of the bottom horizons. The TA in the porewaters was
significantly higher than that in the overlying seawater. The anaerobic degradation of the
organic matter is likely the main cause of the increasing TA in the sediments. The
porewaters were significantly undersaturated with calcite, except for those from the
CR34 core station, where the sediments below 7.5 cm were saturated, and even
supersaturated, with calcite and aragonite. A linear correlation was found between the
DIC and the TA in the sediments with a slope of 0.9993. The pH of the sediments was
near-constant below 10 cm. This result suggests that there are complicated diagenetic
reactions that work as a pH-stat during the anaerobic oxidation of organic matter when
the sediments are located below the CCD horizon.

The diagenesis of organic matter in the top sediments of the JES forms gradients of
TA and CO>* concentration on the interface of “bottom water-sediments”. The averaged
fluxes of TA and DIC from sediments to bottom waters estimated by means of Fickian
diffusion were 44 and 89 mmol/(m? year) for TA and COz*, respectively. If additional TA
and CO2 concentrations come up from the sediments into the bottom waters and mix
within 10 meters, the increments in the TA and DIC will be 4.4 and 8.9 umol/kg each year,
respectively. Such an increment will give a drop pH of 0.016 pH unit within 10 meters of
the bottom waters.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/jmse10030438/s1. Table S1: Calcium (mmol/kg) and ammonium (uM) in
porewater of sediments of the JES, obtained on a board of R/V Hakuho Maru at June-July 2010; Table
S2: Phosphorus and silica modeled concentrations (uM) in porewater of sediments of JES, obtained on a
board of R/V Hakuho Maru at June—July 2010; Theoretical part: “Taking into account effect of variability
of major ions on dissociation constants”. For more details, please see [76-99].
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