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We analyze, for the first time in the oceanographic literature, pH over the top ~10 m of the sediment (down to 11.9 m) in a deep-sea environment, together with the oxidation/reduction potential and concentrations of solid organic carbon (OC) and CaCO3. A total of 1157 sediment cores were collected from years 2000 to 2011 over >300,000 km2 in the South China Sea, at water depths up to 3702 m. We found that there were marked downward pH increases in the upper 2 m of the sediment (first 20-40 ka, corresponding to the geochemically active period). In deeper, older sediment (up to 200 ka), pH was generally less variable with depth but not uniform, and solid OC may have been consumed down to ≥10 m depth. This reflected interactions between in situ geochemical diagenetic processes, which tended to create vertical variations, and vertical diffusion of ions, which tended to even out vertical variability. In other words, there were slow diagenetic geochemical processes in the sediment layer below 2 m, and the effects of these in situ processes were partly offset by vertical diffusion. Overall, our study identified a previously unknown consistent pH difference between the upper 2 m of the sediment and the underlying layer down to ≥10 m, and suggested combinations of geochemical diagenetic processes and vertical diffusion of ions in the porewater to explain it. These results provide a framework for further studies of pH in the top multi-meter layer of the sediment in the World Ocean.
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1 Introduction

Sediment porewater pH is an important variable in aquatic biogeochemistry (for simplicity, we write “sediment pH” hereinafter), and there are strong interactions between pH and microbial activity. Indeed, pH influences the structure and activity of the sediment’s microbial community (Yanagawa et al., 2013), the oxidative action of anaerobic and aerobic bacteria (Blake et al., 1993; Nealson, 1997), and the saturation state of most reactive mineral phases in the sediment (Soetaert et al., 2007). Conversely, bacterial activity affects sediment pH (Jourabchi et al., 2005; Widdicombe et al., 2009). The spatial and temporal distributions of sediment pH are thus important indicators of the long-term biogeochemical reactivity and carbon buffering capacity of the ocean system.

Most previous studies on sediment pH have focused on the top few centimeters of the sediment (Table 1). The results of laboratory experiments, modeling and in situ pH measurements summarized in Figure 7 of Shao et al. (2016) indicate a sharp decrease in pH in top 2 cm below the sediment-water interface (rate usually between 0.1 and 1.1 pH units cm-1), and vertical gradients generally<0.15 pH unit cm-1 at the depth of 2-3 cm (subsurface pH minimum). Such pH drop in top 2 cm was observed at many locations such as: sites occupied by bacterial mats, chemosynthetic tubeworms, clams, and mussels in the Gulf of Mexico (Cai et al., 2006); at 1300 m on the eastern African margin (Wenzhöfer et al., 2001); and between 3000 and 5000 m in the North Atlantic (Hales and Emerson, 1996; Hales and Emerson, 1997).


Table 1 | Measurements of sediment pH in various published studies.



The sharp decrease in pH in top 2 cm is usually attributed to production of CO2 by aerobic respiration of organic carbon (OC), but secondary oxygenation reactions (oxidation of HS- and Mn2+ by oxygen) may be even more important in the production of H+ (Jourabchi et al., 2005) in the oxic zone. Other important sources of H+ are denitrification, sulfate reduction, oxidation of Fe2+, and precipitation of authigenic MnCO3 and FeS in the suboxic and anoxic zones (Jourabchi et al., 2005). Different geochemical processes may consume H+ in the top 2 cm layer, such as calcite dissolution, Mn(IV) reduction, Fe(III) reduction and sulfide oxidation by MnO2 and Fe(OH)3, but their buffer capacity is weaker than H+ production in this layer (Jourabchi et al., 2005). Below the oxic and suboxic zones is the anoxic zone, where redox activity producing H+ decreases, and diffusion strongly influences vertical pH variations (Jourabchi et al., 2005). However, the latter study only addressed the top meter of the sediment.

According to Einstein’s diffusion equation (Robinson and Stokes, 1970), the vertical variability of pH in the top 10 m of the sediment should be small because of the high diffusion coefficient of hydrogen ions (Li and Gregory, 1974). In this vein, a review chapter (Widdicombe and Spicer, 2011) states that pH profiles “typically follow a sharp decrease from the top sediment layer to a pH minimum situated just below the oxic zone (usually the top few millimeters or centimeters) and subsequently pH becomes invariable with depth”, but this statement was based on a study that had only considered the top 20 cm of the sediment (Burdige et al., 2008). Hence even if sulfate reduction produces H+ and calcite dissolution consumes it in the anoxic zone, pH is not expected to show major variations. However, this hypothesis would need to be tested with field pH data; but very few, if any studies have analyzed vertical pH variability between 1 and ~10 m in the sediment (Table 1).

At the other end of the depth spectrum, the Integrated Ocean Drilling Program collects information on the pH of deep-sea sediment cores (IODP-USIO, 2020). Two pH profiles from the Atlantic Ocean (down to 300 and 600 m in the sediment) show that pH is not invariable below the oxic zone, and low pH values tens of meters down the cores were explained by in situ calcification and AOM (Turchyn and DePaolo, 2011). At the intermediate depth scale of interest to the present work, pH values down to ≥10 m were reported in a study on organic matter diagenesis and mineral processes in sediment cores of the South Atlantic, but the authors did not analyze the vertical pH variations because they used this variable as environmental parameter (Schulz et al., 1994). The word “diagenesis” in the previous sentence refers to physical and chemical changes in sediments after deposition, under the effect of physical, chemical and biological (that is, diagenetic) processes.

In the sediment, porewater is not simply buried along with the settling particles, but its chemical characteristics reflect both the in situ geochemical processes that occur at various depths and the effects of diffusion, advection and bioturbation (Berner, 1980; Jourabchi et al., 2005). Diffusion plays an important role in the transport of dissolved chemical species near the sediment-water interface (Emerson et al., 1982), and can also affect the vertical distribution of properties in porewater much deeper. For example, Adkins et al. (2002) reported that the concentration of chloride in the pore fluid, which is largely unaffected by diagenesis, was sensitive to diffusion in excess of 140 m below the seafloor.

The pH also varies vertically and horizontally depending on the different geochemical processes in different regions. In methane seepage areas, methanogenesis and anaerobic oxidation of methane (AOM) are often associated with sulfate reduction (Miao et al., 2021; Miao et al., 2022). It is thought that in the methanogenesis zone, pH can fall to ~5 (Soetaert et al., 2007; Turchyn and DePaolo, 2011), whereas the AOM generation of two mol-equivalents of alkalinity per mol of dissolved inorganic carbon produced ( ) can lead to an increase in pH in the pore fluid up to ~7.9 (Soetaert et al., 2007; Blouet et al., 2021). Indeed, the associated effect of sulfate reduction on pH switches from consuming H+ at low pH (up to about 6.9) to producing H+ at high pH (Blouet et al., 2021).

Previous studies have investigated the vertical variability of pH at the scale of either centimeters in surface sediment (≤2 m), or tens of meters over several hundred meters (Table 1). Very few studies, if any, have investigated the meter-scale variability of pH between these two depth ranges. The present study does not address the vertical variability of pH in the surface few centimeters of the sediment, which had been the focus of most previous studies on sediment pH. The objectives of the present study are, for the first time in the literature, to describe the spatial and geological time-scale variability of sediment pH in the top ~10 m of the sediment of a deep-sea environment, and propose processes to explain the observed vertical distribution of pH in this sediment. A key objective of the study is to test, down to 10 m in the sediment, the hypothesis found in the literature that diffusion controls the vertical distribution of sediment pH.




2 Materials and methods



2.1 Sampling of sediment cores and measurements of chemical characteristics

Our unique sediment pH dataset comes from 1157 cores collected along the continental slope of the northern South China Sea (nSCS) during 13 oceanographic cruises between years 2000 and 2011. The sediment cores were collected at depths ranging between 137 and 3702 m (Figure 1), their average length was 2.6 m, and the longest core reached 11.9 m.




Figure 1 | Study area showing the sampling locations of the 1157 sediment cores along the northern continental shelf of the nSCS. The red dots on the inset map indicate the locations of ODP sites 1144 to 1148 mentioned in the text (IODP-USIO, 2020).



We described the instruments used for core sampling and pH measurements in a previous paper (Shao et al., 2016); see also Supplementary Material 1). Briefly, the cores were taken using a Benthos Piston Gravity Corer or a Benthos Gravity Corer, with a PVC plastic liner placed inside the steel core barrel. When the corer arrived on board the ship, the core in its plastic liner was extracted and quickly cut into several sections, and each section kept in its plastic liner. Measurements of pH and other variables were only done on the sections that presented a good sediment surface.

The pH of the in-core sediment was measured on the head end of each section without extraction of the sediment from the plastic liner or porewater from the sediment. This was done using a method that had been successfully implemented in several studies (Cai, 1992; Cai and Reimers, 1993; Schulz et al., 1994; Cai et al., 2000), and is different from the method recommended by the Integrated Ocean Drilling Program where pH is measured on extracted interstitial water (Expedition 302 Scientists, 2006; Expedition 329 Scientists, 2011). In our study, the sensor was carefully inserted into the center of the head end of the sediment core to a depth of 2-3 cm (that is, the tip of the pH glass sensor reached the depth of 2-3 cm below the upper surface of every section), and the pH value (National Bureau of Standards, NBS, scale) was recorded as the sensor stabilized (that is, within 0.5-1.0 min). Every measurement was performed at least twice, and the mean value calculated. The pH measurements for surface sediment were completed within 10 min of the core arrival on board the ship, and for deeper sediment sections within 5 min after the sections were cut from the core. Overall, pH measurements for all sections of a core were completed within 3 h of the core arrival on board the ship. Details about the sampling, transportation and storage of cores, measurement of pH on cores on board the ship are provided in our previous paper on subsurface-sediment pH (Shao et al., 2016).

The porewater ORP was measured at the same time as pH using a Mettler Toledo FiveEasy™ pH/mV Meter. The temperature of each sediment section was measured at the same time as pH using an instrument that combined a TP-K02 immersion probe CENTER-300 and a thermocouple thermometer, for later temperature correction of pH. At the time of core sampling, in situ bottom-water temperature above the seafloor was measured at some stations using a XXG-T Marine geothermal gradient measurement system (Luo et al., 2007), and seafloor depth was determined with a SeaBeam 2112 Multibeam Bathymetric Sonar. After pH and ORP had been measured on board the ship, each sediment-core section was sealed at both ends, and stored in a refrigerator at 4°C. The concentrations of solid OC and CaCO3 were measured later on sediment samples in a land laboratory following the procedures of the Standardization Administration of the People’s Republic of China (Yan and Huang, 1993; Zhang et al., 1998; Ma et al., 2008; Wang et al., 2010). The measured OC corresponded to total organic carbon.




2.2 Quality control of the pH data

We summarize here the complementary approaches we used to ensure the quality of pH data. Details of these approaches are provided in Shao et al. (2016) for subsurface-sediment pH, and more details on pH corrections are given in Supplementary Material 2.

The pH of deep-water sediment is sensitive to changes in temperature and pressure that occur when a core is raised from its deep-sea environment to the deck of the ship. In order to minimize temperature effects and avoid exposure of the samples to air, pH was measured in the surface sediment of undisturbed core sections, without extraction. It was explained above that this approach has been successfully used in several previous studies.

We corrected the measured pH for any existing difference between the temperature of in situ bottom water and that of the sediment core at the time of measurement using equations (1) and (2) given in Shao et al. (2016). The accuracy of this correction is not better than about ±0.02 pH unit when the measurement and in situ temperatures differ by 20°C (Gieskes, 1969). To account for the decrease in hydrostatic pressure, we corrected the measured pH values to the in situ hydrostatic pressure using equation (3) in Shao et al. (2016). These two corrections had been applied in previous studies to correct pH in cases where the temperature and/or pressure of measurements differed from those in situ (Culberson and Pytkowicz, 1968; Murray et al., 1980).

It was pointed out by Emerson et al. (1982) that decrease in pressure can cause changes in porewater carbonate system parameters, whose magnitude is variable and related to the carbonate content of the sediment. However, these authors indicated that pH may remain constant as the hydrogen ions released during carbonate precipitation are adsorbed by solid surfaces. If so, the carbonate content of the sediment should not have affected much the pH changes related to pressure decrease during the retrieval of cores. We also explained in Shao et al. (2016) that the so-called “suspension effect” or “colloid effect” in sediment porewater is negligible when pH is measured on marine sediments with a combined glass electrode (Cai, 1992; Cai and Reimers, 1993).

Our data are stated on the NBS pH-scale as previously done by Cai et al. (2000). When salinity varies between 20 and 35, the salinity-related difference between values on the NBS and Seawater pH-scales should range between 0.002 and 0.042 pH unit (Table 7 in Hansson (1973). This difference is much smaller than the vertical variations of >0.1 pH units between two successive sampling depths in most cases in the nSCS and using either pH-scale would not affect our analyses. In addition, vertical variations in salinity are small in nSCS sediment, where they range between 30 and 35 (IODP-USIO (2020). Hence, we did not attempt to correct the NBS pH-scale measurements for salinity in the present study.




2.3 General information on the dataset

Overall, 4055 pH measurements were made on board the ship on different sections of the 1157 cores from the nSCS (Figure 1, Table 2). Because the surface of 4 of the 1157 cores was not appropriate for insertion of the pH sensor (see above), there were only 1153 subsurface-sediment pH data (that is, shallower than or at 0.05 m). Deep-sediment pH (that is, 0.05 m to bottom) was measured on 968 of the 1157 cores, and a total of 2902 values were determined on the non-surface sections of the cores. Hence, there were both subsurface- and deep-sediment pH measurements on 968 of 1157 cores. The total number of pH data available for the present study was thus 1153 + 2902 = 4055.


Table 2 | General information on the dataset.



There were 4032 measurements of sediment ORP on different sections of 1151 cores, that is, 1145 and 2887 subsurface- and deep-sediment ORP, respectively. The concentrations of solid OC and CaCO3 were determined on the solid sediment of 849 samples from 566 cores, that is, 513 and 336 subsurface- and deep-sediment concentrations, respectively. The number of cores with measurements of pH and ORP and concentrations of OC and CaCO3 was 513, and the number of cores with deep-sediment measurements of the four variables was 49. No additional chemicals were measured in porewater or on solid sediment.

During the cruises, seafloor depth was determined at the 1157 coring sites, and in situ bottom-water temperature was measured at 92 stations. In addition, temperature was measured on board the ship on the 4055 core sections.




2.4 Data classification

In order to investigate the mechanisms influencing the spatial variations in pH, we separated our pH data in the two depth groups defined above, that is, subsurface (≤0.05 m) and deep (>0.05 m) with 1153 and 2902 values, respectively. We assumed that samples in the first group experienced intensive redox processes and were the mass-exchange gateway between seawater and the surface sediment, and those in the second group were subjected to weaker redox processes (Jourabchi et al., 2005; Burdige, 2006). In the text below, we sometimes compare the values in subsurface sediment with those from intermediate (0.05 to 2.0 m) and bottom (2.0 to ~10 m) sediment (we chose the depth of 2.0 m for the practical reason that the length of most cores was at least 2.0 m). It should be remembered that our study does not address the detailed vertical distribution of pH in the upper millimeters or centimeters of the sediment, and thus has no data comparable to the surface-sediment pH values measured or modeled in studies devoted to millimetric or centimetric scales.

To analyze the relationships between subsurface- and deep-sediment pH, we used the division of our study area into the four regions that we had defined in our previous study, where we had investigated the relationships between subsurface-sediment pH and the characteristics of the overlying water column in the nSCS (Shao et al., 2016). These regions were based on the subsurface-sediment contour line pH = 7.5 of (Figure 2A), which delineated areas with pH lower and higher than 7.5. The regions are, from west to east: H (south of Hainan Island), P (Pearl River plume and a downstream submarine canyon), K (area influenced by the western branch of the Kuroshio Intrusion Current) and T (southwest of the coast of Taiwan Island) (Figure 2A). To illustrate the horizontal distribution of intermediate-sediment pH, we projected the vertical pH values between 0.5 and 2 m onto a horizontal plane (Figure 2B).




Figure 2 | Interpolated maps of sediment pH in the nSCS sediment. Spatial distributions of pH were obtained by natural neighbor interpolation based on (A) 1153 discrete subsurface samples, and (B) 1493 discrete intermediate samples (all values were projected onto a single horizontal plane); line L is oriented 30° to the NE, corresponding to the general direction of the continental slope, and goes through point O. (C) Positions of the 4055 pH data from all depths projected onto a single vertical plane along the continental slope on line L, and (D) depth distribution of pH along line L. The four regions are based on the contour line of subsurface-sediment pH = 7.5: south of Hainan Island (H), Pearl River plume and connected submarine canyon (P), area influenced by the western branch of the Kuroshio Intrusion Current (K), and southwest of the coast of Taiwan Island (T) (Shao et al., 2016).






2.5 Vertical distributions of pH in the nSCS

We represented the vertical pH variations (Figures 2C, D) by projecting all available pH values onto a 2-D vertical plane parallel to the continental slope, that is, line L shown in Figures 2A, B. Line L is oriented 30° to the NE, which corresponds to the general direction of the continental slope in the nSCS, and goes through point O (120°E, 20°N). Line L is defined by the following equation:



Where A=−tan30° , B=1 , and  . Based on equation (1), we calculated the geographic position of each in situ point M(xin·situ,yin·situ) projected on line L, N(xprj,yprj) , as follows:



The depth of each point in the projected plane was the same as its in situ depth.

To obtain continuous pH values (Figure 2), we subjected all discrete data points in the horizontal or vertical projection planes, including the data points from a same station, to natural neighbor interpolation as explained in Shao et al. (2016). We used the ArcMap software for the calculations.




2.6 Clustering of cores

The 968 cores with at least 2 pH measurements on the vertical were grouped using the following clustering technique. Given that the pH values had been measured at different depths on different cores, we performed interpolation to obtain evenly distributed data with depth in the cores. We used a linear model for simplicity. To do so, we first fitted the following equation to each vertical pH profile, where pH (y ) was a function of sediment depth (x ):



and used equation (3) to calculate the values of pH at 10 cm intervals along the core, starting at 0 cm (surface of the core), where k was the regression (slope) coefficient and b was the intercept (constant) value. We used equation (3) to interpolate pH values on the vertical assuming linear distribution of pH values as a function of sediment depth between successive sampling points.

Using the pH values at 10 cm intervals, we then clustered the vertical pH profiles as follows. First, we computed the Euclidean distance between each pair of profiles. Second, we clustered all pairs of profiles with the smallest Euclidean distances. Third, we computed the median profile for each of the cluster. Fourth, we added to one of the clusters the pH vertical profile with the smallest Euclidean distance, and repeated the operation until all profiles had been included in one of four clusters, identified below as core clusters 1, 2, 3 and 4. Fifth, we determined the median pH value in each cluster at each 10 cm depth.




2.7 From vertical to temporal distributions of pH in the sediment

We found in the literature 18 cores with age information located in our nSCS study area (Supplementary Material Table S1). To transfer the age information from the 18 dated cores to our sampled cores with pH data, we first selected all cores located in a circle with a radius of 0.5° longitude around each of the 18 dated cores, and considered that all sampled cores within that circle had the same age as the reference dated core. There were 121 of our cores with pH determinations located within 0.5° longitude of the 18 dated cores. We then used linear interpolation (for simplicity) to calculate, for each of the 121 cores, the age of the sediment (yage) at each depth with a pH measurement (xdepth):



where xlower and xupper were the lower and upper values, respectively, of the depth interval containing xdepth in the reference core, and ylower and yupper were the ages of the sediment at xdepth in that core. This way, we ascribed a sediment age to each of the 324 pH data in the 121 cores. Out of the 121 cores, 93 had ≥ 2 pH data.




2.8 Variability of [H+] and other variables down the cores

In order to analyze the variability of pH down the cores, we transformed the vertical changes in pH into absolute changes in hydrogen ion concentration [H+], because changes in pH reflect relative changes in [H+], not absolute changes (Fassbender et al., 2021). To do so, we combined equations 3-5 of Fassbender et al. (2021) to calculate Δ[H+] as follows:



where [H+]upper , [H+]deeper , pHupper and pHdeeper are the [H+] and pH values measured at two consecutive depths down the core, respectively, and the units of Δ[H+] are mol L-1.

We quantified the variability of [H+] and other variables down the cores by calculating for each core the differences between successive values from the sediment subsurface downwards. The formula for [H+] was as follows:



where the units of Δ[H+]depth are mol L-1 m-1. We did the same calculations for ΔORPdepth, ΔCaCO3
depth and ΔOCdepth (units: mV m-1, CaCO3 concentration m-1, and OC concentration m–1, respectively).

Similarly, we calculated sediment age differences between successive [H+] values down cores (mol L–1 ka–1) as follows:



where pHold and pHyoung are the pH values corresponding to two successive sediment ages down the core, and the units of Δ[H+]age are mol L–1 ka-1. We did the same calculations for ΔORPage (units: mV ka–1).




2.9 Patterns in vertical [H+] profiles

In order to find patterns in vertical [H+] profiles, we first normalized each [H+] value down each core to [H+]subsurface as follows:



Where [H+]subsurface , [H+]depth , pHsubsurface and pHdepth are the [H+] and pH values at each sampling depth below the subsurface of the core and at the subsurface, respectively. We made this calculation for all sampling depths along each core. The resulting [H+]* profiles could be systematically compared because their subsurface values were the same, that is, [H+]∗subsurface=0. In other words, the vertical [H+]* profiles were independent of their subsurface-sediment [H+] values.

We then grouped the vertical [H+]* profiles as follows. First, we selected the [H+]* profiles where all the values -0.1x10-8 mol L-1 m-1< [H+]*< 0.1x10-8 mol L-1 m-1. We considered that the values of these profiles (group a) were uniform with depth in the sediment, and removed these profiles from the next steps. Second, we selected the [H+]* profiles with more positive than negative values (group b) as showing a general increase in [H+] (or decrease in pH) with depth. Third, we selected the [H+]* profiles with more negative than positive values (group c) as showing a general decrease in [H+] (or increase in pH) with depth. Fourth, we assigned the [H+]* profiles with an equal number of positive and negative values to either group b’ or c’ (defined in the same way as groups b and c) after removing their [H+]* value closest to 0, based on the idea that this value had the highest likelihood of being randomly positive or negative.




2.10 Statistical analyses

We described the vertical variability of pH and [H+]* with depth by computing median values at successive depths. We used equation (3) to calculate the values of pH at 10 cm intervals along the core, and used the results to compute the median values.

We used contingency table analysis to determine the relationship between the division of cores into four regions and their grouping into four clusters. We also used this analysis to determine the relationships between the three types of vertical [H+]* profiles (uniform, positive, and negative) and environmental variables. In order to do so, we first entered in each cell of contingency table the observed number of cores (O) in the given region and cluster, or the given [H+]* profile type and category of the environmental characteristic under consideration. We then computed for each cell the expected values (E) under the hypothesis of independence between the two variables:



We finally computed the Wilks’ G2 and its associated chi-square probability to test the hypothesis of independence (H0) between the two variables. In contingency tables, we considered cells with (O-E)/[(O+E)/2] >0.3 and<0.3 as indicative of positive and negative correspondence, respectively.





3 Results



3.1 Horizontal (>300,000 km2) and depth variations of pH down to ~10 m in the sediment

Overall, the pH values ranged between 6.9 and 8.6, the highest value occurring at 4 m in a core of region T (Figure 3). and there were large horizontal variations in the pH of subsurface and intermediate sediment (Figures 2A, B). Median pH values in the four regions generally increased eastwards in both subsurface and intermediate sediment, the highest values being in region K (Table 3). There were corresponding areas of low or high pH values in subsurface and deep sediments, the values in these “chimneys” being vertically coherent from surface down to 8 m (Figure 2D).




Figure 3 | Vertical profiles of pH along the cores as a function of depth in the sediment in the four regions H, P, K and T identified in Figure 2. Black lines: profiles of median values.




Table 3 | Key characteristics of cores (pH, sediment age, and sedimentation rate) in the four regions of the nSCS.



The pH of subsurface sediment was lower than that of intermediate sediment in the whole nSCS (mean values of 7.4 and 7.6, respectively; unpaired t-test, p< 0.001) and also in each of the four regions (Table 3). Below the sediment subsurface, pH in the four regions showed a generally increasing trend with depth in the upper 2 m, and less variability below (Figure 3). This was also the case in the core clusters obtained by free clustering of sediment cores based on their vertical pH profiles (Figure 4; Table 4). Cluster 4 grouped together only four sediment cores (corresponding to the rare pattern of decreasing pH with increasing sediment depth; yellow asterisks in Figure 4A), and was thus not considered in subsequent calculations and discussion.




Figure 4 | Clusters of sediment cores based on the vertical distributions of pH along the cores. (A) Spatial distribution of the four clusters. (B) Vertical profiles (0 to ~10 m) of pH as a function of depth in the sediment cores of the four clusters. Black lines: profiles of median values (except cluster 4 where there were only four profiles).




Table 4 | Key characteristics of cores (pH, sediment age, and sedimentation rate) in the four core clusters of the nSCS.



There was an overall correspondence between the horizontal pattern of suburface pH and the vertical distributions of pH in the deep sediment (contingency table analysis: p< 0.0001; Supplementary Material Table S2). The contingency table shows that cluster 1, whose pH varied on the vertical around 7.4 was especially well represented in the western part of the nSCS (region H), and cluster 3 (pH ~8.0) in the eastern part (regions K and T) (Supplementary Material Table S2).




3.2 Vertical changes in [H+], ORP, and CaCO3 and OC content per unit depth

We calculated the change in [H+] per unit depth (Δ[H+]depth ) for each successive pair of pH measurements down each of the 968 cores with at least 2 pH data (Figure 5A). Positive and negative Δ[H+]depth indicate increasing and decreasing [H+] with depth, respectively. The numbers of positive and negative Δ[H+]depth values at different depths show that [H+] decreased rapidly with increasing depth in the upper 2 m (that is, larger numbers of negative than positive values), and was less variable below (Figure 5B).




Figure 5 | Depth distributions of the differences between two consecutive values down the cores for the whole dataset. Depth differences and distributions of positive and negative values in (A, B) Δ[H+]depth, (C, D) ΔORPdepth (5 values > 1000 are not shown), (E, F) ΔCaCO3depth, and (G, H) ΔOCdepth (Supplementary Material Tables S3, S4). Positive (negative) Δ[H+]depth, ΔORPdepth, ΔCaCO3depth and ΔOCdepth: increasing (decreasing) values with increasing depth. For Δ[H+]depth and ΔORPdepth, there were 2884 paired values from 968 cores, that is, total of 1157 cores with pH and 1151 cores with ORP measurements, among which there were 968 cores with at least 2 values for both pH and ORP measurements. For ΔCaCO3depth and ΔOCdepth , there were 333 paired values from 46 cores, that is, total of 49 cores with CaCO3 and OC measurements, among which there were 46 cores with at least 2 values for both CaCO3 and OC measurements.



We had data for three variables that have important roles in diagenetic geochemical processes in marine sediments. These were the ORP measured on porewater at the same time as pH, and the concentrations of CaCO3 and OC in solid sediment. Similar to [H+], the ORP decreased with increasing depth in the upper 2 m and was more constant below (Figures 5C, D). Concentrations of CaCO3 and OC in the sediment did not exhibit coherent patterns of vertical variability between the subsurface and 8 m (Figures 5E–H).

Patterns in standardized vertical [H+]* profiles were as follows (Figure 6). Overall, median [H+]* values below the subsurface were negative, indicating generally lower [H+] at depth than 2-3 cm below the sediment surface (Figure 6A). Among the 968 [H+]* profiles, 2.2% (28 profiles) were uniform with depth -0.1x10-8 mol L-1 m-1< [H+]*< 0.1x10-8 mol L-1 m-1; Figure 6B), 80.3% had mostly negative values (777 negative profiles, of which 729 and 48 belonged to groups c and c’, respectively; Figure 6D), and 17.5% had mostly positive values (170 positive profiles, of which 170 and 0 belonged to groups b and b’, respectively; Figure 6C).




Figure 6 | Vertical profiles of [H+]* along the cores as a function of depth in the sediment. (A) Total 968 [H+]* profiles. (B) 21 uniform profiles with -0.1x10‑8 mol L‑1 m-1 < [H+]* < 0.1x10-8 mol L‑1 m‑1 (group a). (C) 170 mostly negative values (group b and b’). (D) 777 mostly positive [H+]* values (group c and c’). Black lines: profiles of median values.






3.3 Variations of [H+] and ORP per unit sediment age back to 160 ka

Among the 18 cores with sediment age information we found in the literature, those located within 40 km of each other had similar depth distributions of ages, and thus similar sedimentation rates. Examples of such pairs of cores and their sedimentation rates are: MD97-2146 and ODP17940 (1.05 and 0.54 m/ka), ODP1145 and ODP17937 (0.23 and 0.18 m/ka), and V36-06-5 and V36-07 (0.13 and 0.10 m/ka) (Figure 7; Supplementary Material Table S1). We thus confidently paired the sediment ages of these 18 cores with the data of our 121 sampled cores located in their vicinities (Figure 7). Out of these 121 cores, 93 had at least 2 pH measurements.




Figure 7 | Sediment ages in the nSCS. (A) Locations of 18 cores (from the literature) with sediment age determinations (Supplementary Material Table S1). A total of 121 of our cores were located in the pink circular areas around the 18 cores (diameter = 0.5° longitude); we considered that the ages of sediments in these cores where the same as those of the reference core. (B) For the 18 cores in panel (A), variation of age as a function of depth in the sediment. Near the end of each profile: same core code number as in panel (A), and sedimentation rate (m ka-1) computed from the linear regression (Model I) of all age values on corresponding depths in each profile. The sediment ages along these cores were paired with 324 pH determinations made along our 121 cores (values used in Figure 8).



We calculated the change in [H+] per unit sediment age (Δ[H+]age ) for each successive pair of pH measurements down each of the above 93 cores (Figure 8A). Positive and negative Δ[H+]age indicate increasing and decreasing [H+] with sediment age, respectively. The resulting values show that [H+] decreased with increasing sediment age from present back to 20-40 ka, and were relatively constant in older sediment back to 160 ka (Figure 8B). Similar to [H+], the ORP decreased with increasing sediment age from present back to 20-40 ka, and was more constant back to 160 ka (Figures 8C, D).




3.4 Relationships between vertical [H+] variations and environmental characteristics

Linear regressions of pH on ORP values show that, for the whole sampling area, subsurface-, deep- and total-sediment pH were significantly related to the ORP values (Supplementary Material Figure S1). In addition, the average ORP values were higher in subsurface- than deep-sediment (t-test, p< 0.001).

The results of contingency table analyses of the three types of [H+]* profiles (uniform, positive, and negative) with environmental characteristics were as follows. There were strong relationships with water depth (p< 0.0001; Supplementary Material Table S6), seafloor temperature (p< 0.0001; Supplementary Material Table S7) and subsurface sediment pH (p< 0.0001; Supplementary Material Table S8), a weaker relationship with the solid OC content (p = 0.02; Supplementary Material Table S9), and no relationship with the solid CaCO3 content (p = 0.35; Supplementary Material Table S10). The contingency tables show that there were more observed positive profiles than expected (O > E) in shallow waters, at high seafloor temperatures, and corresponding to high subsurface pH and high solid OC. Conversely, there were less observed positive profiles than expected (O< E) in deep waters, at low seafloor temperatures, and corresponding to low subsurface sediment pH and low solid OC; also, there were less observed negative profiles than expected (O< E) corresponding to high subsurface pH (Supplementary Material Tables S6–S10).




3.5 Einstein’s diffusion equation

The time scale for the vertical diffusion of a solute signal from ocean-bottom water or surface sediment down to 12 m in the sediment can be calculated using Einstein’s diffusion equation (Robinson and Stokes, 1970):



where T is the average time required to diffuse at distance L, L is depth in the sediment, and DH+ is the hydrogen ion diffusion coefficient. In our case, L = 12 m = 1200 cm.

The diffusion coefficients of ions in deep-sea sediment (Dj.sed.) is related to the seawater diffusion coefficient ( ) as follows (Ullman and Aller, 1982):



where ϕ is porosity, and F is the formation resistivity factor which measures the influence of pore structure on the resistance of sample. In order to obtain Dj.sed., we first estimated  , ϕ , and F . The value of   in seawater is 56 x 10-6 cm2 s–1 (Li and Gregory, 1974). The value of ϕ in marine sediment is predicted to be 0.4-0.9 (Martin et al., 2015). Finally, F is empirically related to ϕ as follows (Ullman and Aller, 1982):



where m=2 for ϕ=0.2−0.7 and m=3 for ϕ≥0.7 in deeply buried sediment. We calculated the diffusion coefficient of hydrogen ions in sediment (DH+.sed.) combining equations (11) and (12) and using the above range of values of ϕ and m:



We used this DH+.sed. value, to compute T with equation (10):



The value of T in equation (14) indicates that the average time required for H+ to diffuse vertically over 12 m in marine sediment ranges between 495 and 1020 years. This range of years corresponds to sediment thickness of 0.01-1.07 m in the nSCS (Figure B), meaning that the vertical distributions of [H+] and pH there should be quite uniform down to 12 m in the sediment if solely controlled by diffusion.





4 Discussion



4.1 Decrease in [H+] in the geochemically active upper 2-m layer, corresponding to sediment age 20-40 ka

Most field, laboratory and model studies on the vertical variability of sediment pH in the literature have focused on changes in the top few millimeters or centimeters of the sediment (Table 1). These studies found that pH generally decreased in the top 5 cm of the sediment (Figure 7 of Shao et al. (2016), as a consequence of OC redox processes (for example, Boudreau, 1997; Jourabchi et al., 2005). Indeed, OC redox processes are the most important sources of [H+] in top sediment (Hales and Emerson, 1996; Reimers et al., 1996; Jourabchi et al., 2005), where the oxidation of OC primarily uses dissolved molecular oxygen (Emerson and Bender, 1981; Reimers et al., 1996). Beneath the oxygen-containing sediment layer, anaerobic bacteria oxidize OC by denitrification, Mn-oxide reduction, Fe-oxide reduction, reducing sulfate to sulfide, and methanogenesis (Ben-Yaakov, 1973; Nealson, 1997; Jourabchi et al., 2005).

Contrary to the above, usual studies, our dataset did not include values from the top few millimeters of the sediment, and had 1153 pH measurements made 2-3 cm below the sediment surface which represented 28% of our 4055 total pH data. Our subsurface values were generally quite low, mostly<8.0 (Figure 2A; Table 3), and were likely representative of the subsurface pH minimum reported in previous studies. The horizontal distribution of subsurface-sediment pH in the nSCS, illustrated in the four regions of Figure 2A, reflected the combined effects of several environmental variables discussed by Shao et al. (2016).

Our present work is different from most previous studies as it explores the top ~10 m of the sediment, which is more than 100 to 200 times deeper than the usual top 5 to 10 cm studied in the literature. In fact, 2902 out of our 4055 pH data (72%) were measured deeper than 5 cm in the sediment. Overall in the nSCS, pH was generally higher in the intermediate sediment down to 2 m than in the above subsurface sediment, and often tended to increase with increasing depth below 2 m (Figures 2B, D). There was much variability among the vertical pH profiles in the four regions (Figure 3), but despite this variability, the vertical distributions of median pH values in the four regions showed a general trend of increasing values with depth in the upper 2 m and underlying values increasing (regions P and T) or being quite vertically uniform (region H). The vertical distributions of median pH values resulting from the free clustering of sediment cores (Figure 4) showed the same general trend as in the four regions, that is, vertically increasing pH in the upper 2 m (clusters 1-3) and underlying values either increasing (cluster 2) or being quite vertically uniform (clusters 1 and 3). This vertical pattern occurred irrespective of the magnitude of pH values, which generally increased from regions H to K-T and clusters 1 to 3 (Figures 3, 4; Tables 3, 4).

The Δ[H+]depth values characterized vertical changes in [H+] between successive depths down the cores, that is, positive and negative values corresponded to vertically increasing and decreasing [H+] with increasing depth, respectively (Figure 5A). Considering all nSCS cores together, the vertical distribution of Δ[H+]depth showed high variability among cores in the upper 2 m and less variability below, indicating that values below 2 m were more vertically uniform values than above 2 m. The same general trend of decreasing [H+] with depth in the upper 2 m and more uniform values below was indicated by the decreasing excess of positive over negative Δ[H+]depth values with depth down to 2 m, and almost equal numbers of negative and positive values below 2 m (Figure 5B).

The strong downward decrease in [H+] in the upper 2 m likely reflected the combined action of a number of diagenetic processes in that sediment layer, including redox reactions, ion diffusion, mineral dissolution, precipitation and authigenic processes (for example, carbonate dissolution/precipitation) (Berner, 1980; Parkes et al., 1990; Cragg et al., 1999). The pattern of vertical changes in ORP (ΔORPdepth ) (Figures 5C, D) was similar to that of Δ[H+]depth (Figures 5A, B). Different from the vertical variability in Δ[H+]depth and ΔORPdepth , the concentrations of CaCO3 in the solid sediment (ΔCaCO3depth) were quite uniform with depth (Figure 5E). The latter may indicate that carbonate dissolution/precipitation was quite uniform in the solid sediment down to ≥10 m, contrary to porewater whose upper 2 m were marked by strong gradients in pH and ORP indicating active diagenesis. The increasing number of negative minus positive ΔOCdepth values with increasing depth (from -26 at 1-2 m to +7 at 7-12 m, Figure 5H and Supplementary Material Table S4) reflected the decreasing number of positive ΔOCdepth values especially below 4 m. Hence as depth in the sediment increased, the number of cores where the solid OC content increased with depth became progressively smaller than number of cores where the solid OC content decreased with depth, which could indicate that redox activity progressively consumed OC as depth in the sediment increased.

Given that sediment diagenetic processes occur at geological timescale, [H+] values in deep sediment reflect geochemical and physical processes that took place over long time scales. We used sediment age to characterize these time scales. The Δ[H+]age and ΔORPage values characterized vertical changes in [H+] and ORP between successive ages down the cores, that is, positive and negative values corresponded to vertically increasing and decreasing [H+] and ORP with increasing sediment age, respectively (Figure 8). The vertical distributions indicated a general decrease in [H+] and ORP with increasing sediment age from present back to 20-40 ka, and relatively uniform values in older sediment, showing that geochemical activity mostly took place during the first 20-40 ka after sedimentation. Combining this with the above depth results indicate that, over the last 200 ka, rapid changes in [H+] (and thus pH) and ORP occurred during the first 20-40 ka, which generally corresponded to the upper 2-m layer of the sediment. In older (>20-40 ka), bottom (>2 m) sediment, the [H+] and ORP characteristics were more vertically uniform. The first 20-40 ka, upper 2-m layer of the sediment was thus the geochemically active period and layer.

In 14 of the dated cores (Supplementary Material Table S1) the depths corresponded to boundaries of Marine Isotope Stages (MIS). We transformed the MIS information into ages using the MIS taxonomy of Lisiecki and Raymo (2005), where the age uncertainty is 4 ka from 1 to 0 Ma. All age values are estimates as they were interpolated using equation (4). In the present study, the determination of the period of the geochemical active layer, i.e. 20-40 ka was not affected by this relatively small uncertainty or by the small errors on the ages of the other dated cores.




4.2 Roles of diagenetic geochemical processes and vertical diffusion in determining the vertical distribution of pH in the nSCS

The vertical [H+]* profiles provide information on deep-sediment [H+] independent of subsurface-sediment [H+] (and thus pH) values (Figure 6). In the nSCS, 2.2% of the 968 vertical profiles of standardized [H+] (that is, [H+]*) had a uniform distribution with depth (group a, Figure 6B). It was shown in the Results that the timescale for the diffusion of a solute signal down to 12 m in sediment was 495-1020 years, and this timescale corresponded to sediment thickness ≤ 1.1 m in the nSCS. Hence, in 2.2% of the cores where the vertical distribution of [H+] (and thus pH) was quite uniform in the nSCS sediment, the vertical distribution of H+ ions in porewater was dominated by vertical diffusion. Although we do not have information on [H+] production, consumption and flux in our cores, the very small fraction of cores with vertically uniform sediment pH leads to reject, for nSCS sediment down to ~10 m, the hypothesis from the literature that diffusion controlled the vertical distribution of pH in porewater below the subsurface.

In 97.8% of the cores, vertical [H+] profiles were not uniform (Figures 6C, D), and thus not dominated by vertical diffusion. In these cores, combined geochemical processes of production and consumption of H+ ions in porewater (for which we have no data) likely affected [H+] more than vertical diffusion. In the remainder of this section, we examine successively the profiles of decreasing and increasing [H+]* with depth.

Most of the nSCS [H+]* profiles were negative (80.3%, groups c and c’; Figure 6D), that is, [H+] along these cores was generally lower (and thus pH generally higher) than at the sediment subsurface. Two successive mechanisms likely explained net consumption of H+ ions at depth in the sediment over most of the nSCS. First in the top centimeters of the sediment, there is strong consumption of degradable organic matter, and the accompanying release of CO2 causes a decrease in pH. Second below the thin oxic zone, various diagenetic geochemical processes, such as the reduction of iron and manganese oxides and the dissolution of calcite consume H+ ions, thus causing lower [H+] (and higher pH) beneath subsurface sediment. These two points are an extension down to ~10 m of mechanisms described by Jourabchi et al. (2005) for the top 50 cm of the sediment.

The fact that most of the nSCS [H+]* profiles were negative is consistent with the inverse relation between pH and ORP in both subsurface and deep sediment (Supplementary Material Figure S1), which indicated that low pH (high [H+]) generally occurred in porewater with strong oxidation potential. In addition, ORP values >200 mV were more frequent in subsurface than deep sediment (Supplementary Material Figures S1B, C), and the stronger ORP in subsurface porewater could have been caused by high content of electron acceptors (for example, oxygen, nitrate, manganese) (Hunting and Kampfraath, 2013), which would have also led to lower subsurface pH (Jourabchi et al., 2005; Shao et al., 2016), hence the inverse relationships between ORP and pH.

The ORP may have been strongly influenced by bacterial activity (Zobell, 1939; Jourabchi et al., 2005; Hunting and Kampfraath, 2013). Indeed, ORP values in the nSCS were strongly positive in subsurface sediment (>200 mV; Supplementary Figure S1B), where bacteria are generally most abundant (Jourabchi et al., 2005), and most values were<200 mV below the subsurface sediment (Supplementary Figure S1C), where total bacterial numbers and the frequency of dividing cells are reported to decrease rapidly (Zobell, 1939; Parkes et al., 1990; Cragg et al., 1999). The ORP decreased rapidly with increasing age during the first 20 ka, and slowly until ~40 ka (top 2 m) (Figure 8C). Decreasing bacterial activity with increasing age would have been accompanied by lower production of respiratory H+ ions and lower metabolic ORP, and thus lower [H+] and higher pH.




Figure 8 | Sediment age distributions of the differences between two consecutive values down a core. Sediment age differences and distributions of positive and negative values in (A, B) Δ[H+]age and (C, D) ΔORPage (Supplementary Material Table S5). Positive (negative) Δ[H+]age and ΔORPage: increasing (decreasing) values with increasing sediment age. For Δ[H+]age and ΔORPage, there were 324 paired values from 93 cores, that is total of 121 cores with pH and ORP measurements, among which there were 93 core with at least 2 values for both pH and ORP measurements.



A relatively small fraction of the nSCS [H+]* profiles of were positive (17.5%, groups b and b’; Figure 6C), that is, [H+] along these cores was generally higher (and thus pH generally lower) than at the sediment subsurface. Two types of environmental factors could explain the occurrence of higher [H+] at depth than at subsurface, that is, characteristics of the ocean environment above the sediment, and chemical composition of the solid sediment.

Two characteristics of the first type were measured in this study, that is, water depth and bottom-water temperature. Contingency table analyses indicate that cores with positive [H+]* profiles were largely from shallower areas with higher bottom temperature (Supplementary Material Tables S6, S7). In the nSCS, subsurface-sediment pH is inversely related to water depth and directly related to bottom-water temperature (Shao et al., 2016), and consistently contingency table analysis showed correspondence of positive [H+]* profiles with higher subsurface-sediment pH (Supplementary Material Table S8).

Two characteristics of the second type were measured on some of our cores, that is, concentrations of OC and CaCO3. Contingency table analyses show correspondence of positive [H+]* cores with higher concentrations of sediment OC, and no relation with the concentrations of sediment CaCO3 (Supplementary Material Tables S9, S10). Hence, deep [H+]* higher than subsurface observed in 17.5% of the cores could reflect the in situ oxidation of higher concentrations of OC in the sediment of these generally shallower, higher bottom-water temperature areas.

Our findings on the vertical distributions of [H+] in the top ~10 m of nSCS sediment can be summarized as follows. The upper 2 m were the site of active geochemical processes that modified [H+] within 20-40 ka. These processes likely included redox reactions, ion diffusion, mineral dissolution, precipitation and authigenic processes (for example, carbonate dissolution/precipitation), and progressive consumption of OC by redox activity with increasing depth in the sediment. The [H+] characteristics of deeper, older sediment likely reflected continuous interactions between in situ geochemical diagenetic processes, which tended to create vertical variations, and vertical diffusion, which tended to even out vertical variability. In other words, deep sediment continued to experience in situ redox processes after the initial 20-40 ka, and the effects of redox processes were partly offset by vertical diffusion, that is, solid OC was progressively consumed as depth in the sediment increased, perhaps down to ~10 m (Figure 5H; Supplementary Material Table S9), and vertical diffusion partly evened out the resulting vertical variability in [H+] and thus pH.

In the literature, there is a report of vertical variations in nSCS sediment pH to much greater depths than this study’s ~10 m, that is, down to 795 m at ODP sites 1144 to 1148 (Figure 1), but the publication IODP-USIO (2020) does not provide explanations for these variations. Looking at the top ~10 m of the sediment in the present study provided a view of pH dynamics very different from that resulting from the usual focus on the top few centimeters. Our new understanding is also probably different from the view that will emerge from the more recent long cores obtained by ocean drilling. Our study identified a consistent [H+] difference between the upper 2 m of the sediment and underneath down to ~10 m that was previously unknown, and suggested that it could be explained by the combined actions of in situ geochemical diagenetic processes and vertical diffusion in the sediment.




4.3 Horizontal variability of pH in the top ~10 m of deep-ocean sediments

We also observed large horizontal variations in the pH of subsurface and intermediate sediment (Figures 2A, B). Median pH values in the four regions generally increased eastwards in both subsurface and intermediate sediment, the highest values being in region K (Table 3).

Our results provide strong indications that pH values deep in the sediment were related to those at the sediment subsurface. First, there were corresponding areas of both low and high pH values in subsurface and deep sediments under the form of “chimneys” of vertically coherent pH from surface down (Figure 2D). Second, the differences between median intermediate and subsurface pH and [H+] were similar in core clusters 1 to 3 (Table 4), and thus independent of the absolute values of pH. Third, contingency table analysis showed an overall correspondence between the horizontal distribution of subsurface pH in the four regions (which were based on the horizontal distribution of subsurface pH) and the three core clusters (which were based on pH profiles), that is, the null hypothesis (H0: independence between regions and clusters) was rejected (p< 0.0001), cluster 1 being especially represented in region H, and cluster 3 in regions K and T (Supplementary Material Table S2; the correspondence between clusters and regions can be seen in Figure 4A). The process linking pH values deep in the sediment to those at the sediment subsurface was vertical diffusion, even if it did not dominate the vertical distribution of pH in most cores (Section 4.2). Hence, the characteristics of the overlying water column that affect the regional variability of surface-sediment pH identified by Shao et al. (2016) influenced the horizontal distribution of pH deep in the sediment.

In addition, higher pH was usually observed deep in the sediment than at subsurface in regions with higher concentrations of sediment OC (Supplementary Material Table S9). This suggests that the continuing remineralization of OC deposited from the overlying water onto the sediment in the past may influence the horizontal distribution of present deep sediment pH. Indeed, the analysis of the vertical variability of solid OC content in the sediment indicated that redox activity progressively consumed OC as depth in the sediment increased (Figure 5H).




4.4 General conceptual model of pH in the upper ~10 m of the sediment

In a previous paper (Shao et al., 2016), we had presented a conceptual model of the horizontal variations in subsurface-sediment pH in the nSCS. Here we propose a general conceptual model that combines the physical, chemical and biological factors that likely determined the distributions of pH with depth and sediment age in the upper ~10 m of the sediment (Figure 9). This model summarizes our previous and above findings concerning pH in subsurface and deeper sediment, respectively, in the nSCS during the last 200 ka.




Figure 9 | Conceptual model of the factors that likely determined the depth and sediment age distributions of pH in the nSCS during the last 200 ka. Details are provided in the text.



First in modern sediment (top centimeters), the most important sources of porewater H+ are organic carbon (OC) redox processes (Hales and Emerson, 1996; Reimers et al., 1996; Jourabchi et al., 2005). Most of the OC is oxidized in the upper few centimeters of the sediment, primarily utilizing dissolved O2 (Emerson and Bender, 1981; Reimers et al., 1996), and the environment beneath the oxygen-containing layer is anoxic. In the anoxic sediment layer, the evolution of pH depends on such diagenetic processes as diffusion, sulfate reduction, denitrification, manganese reduction, iron reduction, and AOM (Soetaert et al., 2007; Turchyn and DePaolo, 2011). Hydrostatic pressure (water depth) as well as bottom-water temperature and pH affect subsurface-sediment pH through mechanisms that include redox processes (oxygen content) (Jourabchi et al., 2005), the dissolution constants and buffering capacity of CaCO3 (Culberson and Pytkowicz, 1968; Gieskes, 1969), ion diffusion (Li and Gregory, 1974), bioturbation (Trevors, 1985; Arnosti et al., 1998; Atkinson et al., 2007; Widdicombe et al., 2009), and bacterial activity (Cragg et al., 1999; Jourabchi et al., 2005; Zhu et al., 2006). Recent-sediment pH also reflects differences in geomorphic features (Shao et al., 2016), sedimentation rates (Jourabchi et al., 2005) and water-column circulation characteristics, which include upwelling, river influx and ocean currents (Shao et al., 2016). These factors influence subsurface-sediment pH through OC supply for redox activity, advection, and the CaCO3 content and porosity of the sediment.

Second in sediment<20-40 ka (upper 2 m below the sediment subsurface), pH is affected by geochemical reactions that occur in situ over time, and the downward transfer of dissolved chemical species by both diffusion and porewater advection (Li and Gregory, 1974; Boudreau, 1997; Cai et al., 2000; Jourabchi et al., 2005; Stahl et al., 2006). The intermediate-sediment pH is also influenced by bacterial redox activity (Ben-Yaakov, 1973; Nealson, 1997; Jourabchi et al., 2005), and mineralogical reactions (Berner, 1980).

Third in older sediment (>20-40 ka, between 2 and about 10 m), the geochemical characteristics are generally more stable down to 200 ka but generally not uniform with depth, due to in situ diagenesis whose effects are partly offset by vertical diffusion (Berner, 1980; Parkes et al., 1990; Turchyn and DePaolo, 2011).

This conceptual model provides a framework for further studies of sediment pH in the top multi-meter layer of sediments in the World Ocean.





5 Conclusion

We analyzed the spatial and geological time-scale variability of sediment pH in the top ~10 m of the sediment (down to 11.9 m) in the deep-sea environment of the northern South China Sea. Our results showed a marked downward increase in pH in the upper 2 m of the sediment (first 20-40 ka). In older (>20-40 ka), bottom (>2 m) sediment, the geochemical characteristics were more stable. The first 20-40 ka, upper 2-m layer of the sediment was thus the geochemically active period and layer. The significant decrease of sediment pH in this layer indicated that the hydrogen ion producing reactions were increasingly replaced by hydrogen ion consuming reactions. Below this layer, the weaker redox activity corresponded to the decreased content in OC, which was progressively consumed with increasing depth and time.

The observed strong increase in pH with depth in the top 10 m of the sediment is not consistent the hypothesis found in the literature that diffusion controls, and thus uniforms, the depth distribution of pH below the top few centimeters (i.e. oxic zone) of the sediment.
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Oahu, Hawai’i 0.6 =3 6 58 - 7410 8.0 2012 to 2014 (Drupp et al.,
2016)
Long Island Sound, Eastern 0to 0.12 (1.5 to 2.25) 3 — 0 to 35 6t08.2 2003 t0 2004 | (Zhu et al.,
USA (40.8°N; 73.2°W) x 10" 2006)
Gulf of Mexico (27.7°N;91.3° 0to 0.12 41 3 - 522 to 7410 8.6 2006 (Cai et al.,
w) 548 2006)
Eastern South Atlantic (12°S- 0.06 1150 4 — 1251 to 72t07.9 1998 (Wenzhéfer
2.7°N; 6.3°E-13.1°E) 2185 etal,, 2001)
Ceara Rise, South Atlantic (3- 0.1 180 6 ~300 3270 to = 1994 (Hales and
6°N; 41-46°W) 4685 Emerson,
1997)
Ontong-Java Plateau, Pacific 0to0.1 0.1 3 ~80 2322 to - 1991 (Hales and
Ocean (0°N; 159-164°E) 2966 Emerson,
1996)
California continental rise 0.08 1x10® 3 ~200 4100 7.2t0 7.95 1991 (Cai et al.,
(34.83°N; 123°W) 1995)
‘Western North Atlantic (34.3- 0 to 0.03 130 4 ~60 2159 to — 1989 (Hales et al.,
40°N; 69.5-72°W) 5210 1994)
Equatorial Atlantic Ocean 0 to 0.03 73 3 — 3858 to - 1987 (Archer et al,,
(2.0°N-5.0°S; 22.77-23.00°W) 5075 1989)
Lake Anna, Virginia, USA 0t00.3 0.004 4 31 = 6to7 1983 (Herlihy and
(38.06°N; 77.83°W) Mills, 1986)
Lake Erie, Stony Brook 0to0.2 105 3 — 0.05 to 6to8 1979 (Fisher and
Harbor, Whitehall Bay, USA 18 Matisoff,
(38.9-41.7°N; 73.2-82.3°W) 1981)
Guatemala Basin, North 0 to 0.52 91 2 21 3500 to 741077 1978 (Murray et al.,
Pacific (8-12°N; 96-98°W) 3900 1980)
East Pacific Rise 0.01 to 0.479 12 9 117 3100 to 7.5108.16 1977 (Emerson
(6.55-8.8°N; 92.8-104.0°W) 3590 et al., 1980)
East Pacific Rise 0to21 1, 20 95 4450 to 7.69 to 1977 (Jahnke et al.,
(1.0-11.0°N; 139.0-140.0°W) 4900 8.00 1982)
World Ocean (IODP-USIO: 0.05 to 1531.15 361 000 - 13744 95.5 to 0.07 to 1985 to 2013 | (IODP-USIO,
Leg 100 to 346) 5980 12.5 2020)
Northern South China Sea 0.02 to ~10 325 1157 4055 137 to 691086 | 2000 to 2011 | Present study
(15.6-22.5°N; 109.5-120°E) 3702
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