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Abstract

:

The amount of carbon dioxide (CO2) in the atmosphere has increased in the past 60 years and the technology of carbon capture and storage (CCS) has recently been extensively studied. One of the strategies of CCS is to directly inject a high dissolved inorganic carbon (DIC) concentration (or high partial pressure of carbon dioxide, pCO2) solution into the ocean. However, the carbonate dynamics and air-sea gas exchange are usually neglected in a CCS strategy. This study assesses the effect of a DIC-solution injection by using a simple two end-member model to simulate the variation of pH, DIC, total alkalinity (TA) and pCO2 between the river and sea mixing process for the Danshuei River estuary and Hoping River in Taiwan. We observed that the DIC-solution injection can contribute to ocean acidification and can also lead the pCO2 value to change from being undersaturated to oversaturated (with respect to the atmospheric CO2 level). Our model result also showed that the maximum Revelle factors (Δ[CO2]/[CO2])/(Δ[DIC]/[DIC]) among varied pH values (6–9) and DIC concentrations (0.5–3.5 mmol kg−1) were between pH 8.3 and 8.5 in fresh water and were between 7.3 and 7.5 in waters with a salinity of 35, reflecting the changing efficiency of dissolving CO2 gas into the DIC solution and the varying stability of this desired DIC solution. Finally, we suggest this uncoupled Revelle factor between fresh and salty water should be considered in the (anthropogenic) carbonate chemical weathering on a decade to century scale.
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1. Introduction


Increasing atmospheric carbon dioxide (CO2) amounts in the past 60 years are reducing oceanic pH and calcium carbonate saturation, both of which are key factors influencing marine organisms [1,2]. Patents related to carbon capture and storage have reached more than 1000 in 2013 [3]. One of the CO2 sequestration methods is a direct dissolved inorganic carbon (DIC) solution (or CO2 gas) injection into the ocean [4]. The cost and effect of CO2 capture and storage have been evaluated in previous studies. However, the variation of the carbonate system due to its natural characteristics is usually neglected. The effect of direct DIC injection into the ocean has been suggested [5], as well as the effect of increasing atmospheric CO2 level on the ocean [6]; that is, ocean acidification. Moreover, the nature of the carbonate system includes total alkalinity (TA) and partial pressure of CO2 (pCO2), in addition to pH and DIC. The effect of a direct DIC injection on the internal carbonate variation, among the above four parameters, is still unclear.



The oceanic carbonate system includes several important aspects and one of them is the air-sea CO2 gas exchange flux [7,8]. At ocean station ALOHA (A Long-term Oligotrophic Habitat Assessment) in the subtropical North Pacific Ocean, the pCO2 in the surface seawater followed the increasing atmospheric CO2 values in the past two decades [6], showing that the ocean is a sink of atmospheric CO2. The continental shelf is also a sink of atmospheric CO2 and the river-dominated marginal sea can be affected by the river nutrients, such as high nitrate concentrations [9,10,11]. The pCO2 to salinity relationship between the river and the ocean mixing process is a bimodal and non-linear relationship [10]. In the coastal ocean and estuary, the pH and salinity relationship is also non-linear, with a pH minimum zone at low salinities (0 < S < ~10) [12]. Eutrophication and hypoxia (dissolved oxygen less than 2 mg L−1) can further lead to synergetic acidification in the bottom water [13]. The water between oxic/anoxic conditions can also lead to a reduced pH in the water column [14].



In this study, we focus on the effect of a DIC-solution injection to the estuary and the ocean. We use two coastal regions in Taiwan to simulate the carbonate dynamics during river-to-sea mixing processes for two coastal regions. We first apply the pCO2-salinity simulation and pH-salinity simulation and we further examine the buffering capacity between CO2 and DIC. Finally, we systematically compare the variations among pH, DIC and pCO2 and also suggest the role of buffering capacity of air-sea gas exchange during this CO2 dissolving and the DIC injection processes.




2. Study Sites and Methods


We follow Huang et al. [15] and assume that the mixing process between riverine and sea end-members can be described as fractions of two end-members; that is, the water is a mixture of the two end-members at any salinity point of the diluted water.


   1 =  f R  +   f  S  ,   



(1)






   Sal =   S  R  ×   f  R  +   S  S  ×  f S  ,   



(2)




where fR and fS are fractions of the riverine and oceanic end-members, respectively. Similarly, SR and SS are the salinity of the riverine and oceanic ones, respectively. Sal is the salinity of mixed water based on the sum of the salinity end-member multiplied by its fraction. The desired salinity can be calculated by giving the fraction and the end-members. Desired TA and DIC (C) for a conservative mixing scenario can also be calculated by using a similar equation (end-members in Table 1):


   C =   C  R  ×   f  R  +   C  S  ×  f S  .   



(3)







For any set of (Si, TAi), we can derive fRi and fSi. Therefore, we can calculate the conservative mixing concentrations (Cm) of DICi and NO3i.


    C m  =   C  R  ×   f   Ri   +   C  S  ×   f   Si   ,   



(4)




where CR and CS are the end-member concentrations of the fresh water and the seawater, respectively (Table 1).



Furthermore, we also simulate the biological effect on the carbonate system by calculating the effect of biological nitrate uptake. One unit of nitrate uptake can increase one unit of TA [16,17], suggesting an effect on the conservative mixing equation as the follows:


   TA =   TA  R  ×   f  R  +   TA  S  ×  f S  +   NO   3 Bio   ,   



(5)






   DIC =   DIC  R  ×   f  R  +   DIC  S  ×  f S  − 106 / 16 ×   NO   3 Bio   ,   



(6)






     NO  3  =   NO   3 R   ×   f  R  +   NO   3 S   ×  f S  −   NO   3 Bio   ,   



(7)




where NO3Bio represents the biological uptake. We use C:N = 106/16 in the Redfield ratio [18] to convert the biological nitrate uptake and DIC uptake. The above mixing and biological uptake simulations are modeled by TA and DIC and the corresponding pH and pCO2 are calculated by applying TA and DIC in the CO2SYS (Matlab version) with K1 and K2 from Millero et al. [19].



We first use the above model to simulate the current case at the Danshuei River and Hoping River in Taiwan (Figure 1), along with their corresponding riverine and sea end-members (as seen in Table 1). Temperature, salinity, TA and DIC for both Danshuei and Hoping rivers were measured and collected during the fall of 2017. TA and DIC samples were stored at room temperature and were analyzed in the laboratory at National Sun Yat-sen University, with a resolution of 0.1% [20]. A nitrate-to-salinity relationship was assumed based on data reported by Wen et al. [21] for the Danshuei River (details in Supplementary Materials). We use this biological removal as the high estimation. We also notice that the hypoxic condition has been observed at the Danshuei River estuary. The DIC concentration should be high in such a hypoxic condition and a further DIC injection should be rejected at such conditions.



We further simulated the DIC injection cases with four varied pCO2 and pH values. The pCO2 range for an exhausted gas is about 2000 to 4000 ppm and the pH value for the desired solution should be in a range of 6–8 to maintain HCO3− as the major component in the DIC solution. A low pH value (<6) may lead to a dominating component of pCO2 and the following degassing. Thus, DIC injection scenarios can be separated into two cases: (1) the desired solution is controlled at a pH of 6 and is equilibrated with a pCO2 of 2000 µatm or (2) the desired solution is controlled at a pH of 8 and is equilibrated with a pCO2 of 2000 µatm. The CO2SYS (Matlab version) is used with K1 and K2 from Millero et al. [19] to calculate the initial desired TA and DIC according to the above pH and pCO2 values. These two DIC injection scenarios can be compared with the above two cases in the Danshuei and Hoping rivers. We only choose the Danshuei River to present in this study as it is the largest river in Northern Taiwan.



We notice that there is a large gap in the pH and pCO2 of these two injection scenarios. To fulfill the gaps between two extreme injection scenarios, we systematically considered the pH range between 6 and 9 (with 0.1 intervals) and the DIC concentration between 0.5 to 3.5 mmol kg−1 (with 0.05 mmol kg−1 intervals) to cover their general range in river and salty waters. We use the CO2SYS (Matlab version) again with the same K1 and K2 to calculate the corresponding pCO2 and the buffering capacity between CO2 and DIC.




3. Results and Discussion


3.1. River-to-Sea Simulation Conditions


In the conservative mixing scenario, the model result displayed conservative mixing for both TA and DIC along the salinity gradient in the Danshuei estuary, as we have set (Figure 2a,b). The variations of pH and pCO2 values along the salinity gradient were nonlinear. The pH value showed a minimum value at salinities 1 to 2 and varied over a larger range in low salinities. The opposite was true in high salinities. The variation of pCO2 was bimodal, displaying high values to both riverine and sea end-members. For the biological uptake scenario, TA slightly changed and maximum DIC changed at middle salinities, corresponding to the maximum NO3 uptake. The pH and pCO2 values showed clear differences between conservative mixing and biological uptake scenarios (Figure 2c,d); that is, pH values increased and pCO2 decreased after biological uptake.



Hoping River showed river-to-sea mixing and was also affected by biological uptake (Figure 3). TA was mixed conservatively and was less affected by biological uptake (Figure 3a). The DIC concentration was affected by biological uptake in a narrow range from the mixing line. Signals of increased pH and decreased pCO2 were also observed by comparing the biological uptake scenario and the conservative mixing one (Figure 3c,d).




3.2. Injection Scenarios under Controlled pH and pCO2


The simulation of DIC-injection results (with controlled pH and pCO2 in Section 2) demonstrates the impact of this DIC solution on brackish and salty waters. These two injection scenarios can be compared with both cases in the Danshuei River and Hoping River and we only chose the former one to present in this study as it is the largest River in Northern Taiwan. When the pH value is maintained at 6, the equilibrated DIC and TA values in a solution with a salinity of 0 are very low (~100 µmol L−1) (Figure 4a–c). During this river-to-sea mixing processes, this pCO2 value decreases quickly and its corresponding pH value increases in water with salinities of less than 10 (Figure 4c,d). When salinities are above 10, the pCO2 values are below that of the current scenario and its corresponding pH values are very close to that of the current scenario (Figure 4c). Though this scenario may reduce surface pCO2 in middle to high salinity regions (Figure 4d), this scenario has a profound effect of acidification on the low salty water (Figure 4c). Moreover, while pCO2 value is high in this case, the DIC concentration is low and reduces the efficiency of DIC delivery (Figure 4b). We will use the buffering capacity to discuss this later.



When pH is controlled at 8 (close to the current pH value), the expected DIC concentration can be much higher than the one at a pH of 6 (Figure 4b). However, the pH decreases during the mixing process, especially at low salinities (that is, salinities between 0 to 10) (Figure 4c). Such an occurrence of the lowest pH along the salinity gradient has been reported as a “pH minimum zone” [12]. The reduced pH in this salinity leads to acidification in this low salinity region (Figure 4c). Moreover, the pCO2 (in a pH of 8 scenario) becomes supersaturated (over atmospheric 400 μatm) over the entire salinity region (Figure 4d). When the water pCO2 value is lower than the atmospheric CO2 level, the water pCO2 is undersaturated with respect to the atmospheric CO2, resulting in this water acting as a sink of atmospheric CO2. When the water pCO2 value is oversaturated, this water acts as a CO2 source. This tremendous change in pCO2 value changes this region from acting as a sink of CO2 to a source when we compare this scenario to the situation in the Danshuei River (Figure 4d). In other words, the impact of this high DIC and high pCO2 injection scenario is not only acidification but also a change in the direction of air-sea CO2 gas exchange.




3.3. DIC Buffering Capacity along the Salinity Gradient


We have shown the relationship between each carbonate parameter and salinity in Figure 2 and Figure 3. Theses correlations and their buffering capacity can vary during the mixing process. The carbonate system has the characteristic of buffering capacity [23,24] which should be considered when dissolving CO2 gas into water and during the following DIC injection. Here, we use the Revelle factor (RF) [23] to represent the sensitivity.


   Revelle   factor =  (  Δ  [    CO  2   ] / [    CO  2   ]   )    /    (  Δ  [  DIC  ]  /  [  DIC  ]   )  ,   



(8)







A high RF value means that the CO2 variation is sensitive to the DIC variation and the buffering capacity is reduced.



To better show the change of pCO2 alongside the relationship between pH and DIC, we systematically demonstrate the three aforementioned parameters together and further display it against varied salinity and depth (Figure 5). This is because the dissolution constants (K1 and K2) in the carbonate system are related to salinity and pressure (reflecting on the depth). We can systematically compare the diagrams between in fresh water and salty water to distinguish the pCO2 variation and its corresponding buffering capacity (Figure 5). The RF is not linearly correlated with pH and its maximum values are around pH 7.8–8.8 for corresponding DIC concentrations. For example, the pCO2 value in varied pH levels and DIC concentrations between the mixing process in the Danshuei River estuary can be generally displayed by the two panels (salinity 0 and 35) (Figure 5a,c). Their corresponding variations of RF are seen on the other two panels (Figure 5b,d). When the pCO2 changes from the riverine end-member to the oceanic one (Figure 5a,c), the buffering factor increases and then later decreases (Figure 5b,d). Moreover, though the pCO2 value of the end-member in the Hoping River was high, its corresponding RF was low. During the river-to-sea mixing processes for the Hoping River and its adjacent area, the RF values were within a larger range than the range of RF values for the Danshuei River mixing process (Figure 5d), suggesting that the CO2 value during the mixing process of the Hoping River was more sensitive to the DIC change than in the mixing process at the Danshuei River estuary. Furthermore, the pCO2 and RF will change slightly from the surface to the depth of approximately 800 m (Figure 5c and Figure S2).



The contour lines of pCO2 at 400 µatm are demonstrated on this pH–DIC diagram based on the approximate value of atmospheric CO2 in 2010 (Figure 5a–c) to distinguish if the pCO2 value in the water is undersaturated or oversaturated with respect to the atmospheric level (that is, if it is a CO2 sink or source, respectively). Additionally, the pH minimum zone and minimum buffering capacity has been observed to be at water of low salinity, usually lower than 10 [12]. Thus, the concept of a maximum estuarine acidification zone [14] should also be noticed as this low salinity zone is affected by the tidal effect and usually act as important habitats. This changing pH buffering capacity may affect local biological activity in the brackish water.



The above information suggests that, during the DIC injection process, CO2 can degas when the water pCO2 is higher than the atmospheric level. This degassing issue may have been known before. We further show the possible salinity region and its pCO2 degree in this study. This degassing of high-DIC water thus reduced the efficiency of carbon capturing and storage in the surface ocean. This also repeated the importance to store CO2 in the deep water instead of the surface water as the CO2 sequestration strategy. However, when pH is reduced, the corresponding pCO2 is still increased through the nature of the carbonate system in the deep water (Figure 5 and Figure S2). Anthropogenic CO2 has been observed in the deep ocean [25,26] and can increase the DIC concertation there.




3.4. A Comparison between Injections on the Shelf and the Open Ocean


The selection of the injection site (such as on the shelf and on the open ocean) can play an important role in this regional carbon cycle. To reduce the cost of transportation and construction, a site on the continental shelf may be selected (such as the Danshuei River estuary). The vertical water column on the continental shelf may be stratified to separate the surface and bottom waters during the summer but these two waters can mix well in the winter [27]. We suggest that if high-DIC and high-pCO2 water is injected in the bottom water of the continental shelf (shallower than 200 m), it may mix with surface water in the winter. A proportion of the pCO2 may return to the atmosphere through air-sea gas exchange which can reduce the efficiency of injection. In contrast, when the direct injection of DIC is stored in the deep ocean (deeper than 1000 m)—such as offshore of the Hoping River—this deep water may need about 300 to 1000 years to return to surface water, based on the age of the global halothermal circulation [5]. However, the deep water usually already had a low carbonate saturation state (for example, lower than 1.5) [28] and the RF may also be high (Figure 5d and Figure S2). The surface pCO2 and pH variations on the open ocean are highly related to the variation of the temperature [7,29], implying that the temperature and density of the injection solution should be controlled. However, the fate of carbon on the continental shelf is still under debate [30] and there are few studies about the fate of DIC in the deep Northwestern Pacific Ocean water [22,31]. We are conservative in this DIC-solution injection issue. In addition to using this anthropogenic DIC-solution injection as accelerated chemical weathering to compensate for the increasing export of CO2 gas to the atmosphere, we encourage improving energy efficiency and also using green energy which can substantially reduce the export of CO2. A high-resolution physical-biogeochemical model simulation which considers carbonate dynamics is needed to evaluate the fate of deep water circulation in the future.





4. Summary and Implications


Our discussion about RF can have practical effects on subjects related to ocean acidification and carbon dynamics in varied scales. In a laboratory scale, this change of the RF along the pH and DIC gradient also suggests the efficiency of actively dissolving CO2 into the solution at varied salinities. The buffering capacity is high, suggesting that CO2 gas is not easy to degas and also suggests that CO2 gas is hard to be dissolved into the target solution (compared to a solution with a low buffering capacity). Therefore, this complex carbonate dynamic may be useful to (1) researchers who try to inject CO2 gas into a desired seawater tank to control the DIC and pH level, such as in an ocean acidification research or a coral reef culturing study and (2) carbon capture and storage researchers to evaluate desired pH, DIC and salinity to convert CO2 gas into a DIC solution.



In the scale of a continental shelf and continental slope, the RF we discussed in this study may have implications on chemical weathering. These pCO2 levels, from the pre-industry level (380 μatm) to the estimated level by the end of this century (800 μatm), on the diagram of the pH-DIC-RF (Figure 5b,d) suggest that the RF should decrease in both fresh and salty waters over time. The riverine pCO2 end-member can be controlled by the geological and hydrological characteristics in its watershed [32,33] and should be usually higher than the atmospheric level (Figure 5b). The open ocean surface pCO2 generally follows the atmospheric CO2 level with a decadal delay [6], suggesting that the RF in the salty water also decreases thereafter. Therefore, we suggest that this uncoupled RF between land and sea over time should be considered in chemical weathering from the river to the ocean over a decadal to century period.



In summary, the direct DIC injection may accelerate ocean acidification and increase water pCO2. The results from the two end-member model showed that a direct DIC injection may change a coastal region from a CO2 sink to a source to the atmosphere. We suggest that this strategy of a direct DIC injection may reduce the CO2 uptake ability of the ocean in a decade to century long scale.
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Figure 1. The study area. Orange stars represent the location of the Danshuei River mouth and the Hoping River mouth in Taiwan. 
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Figure 2. TA, DIC, pH and pCO2 variations along the river-to-sea mixing process for the Danshuei River estuary. TA and DIC values were linearly correlated to salinities (a,b) and the pH and pCO2 values were bimodal in the conservative scenario (c,d). The effect of biological uptake (dash lines) can increase the pH (c) and reduce the pCO2 value (d) in comparison to the conservative mixing scenario (blue lines). 
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Figure 3. TA, DIC, pH and pCO2 variations along the river-to-sea mixing process for the Hoping River mouth and adjacent area. TA and DIC values were linearly correlated to salinities (a,b) and the pH and pCO2 values were bimodal in the conservative scenario (c,d). The effect of biological uptake (dash lines) can increase the pH (c) and reduce the pCO2 value (d) in comparison to the conservative mixing scenario (blue lines). 
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Figure 4. The impact of controlled pH and pCO2 waters on the TA, DIC, pH and pCO2 in the study region. The conditions of conservative mixing (blue lines) and biological uptake scenarios (dash lines) in the Danshuei River (Figure 2) are repeated here for comparison. We simulated the injected DIC solution in two conditions: (1) water with a pH of 6 and a pCO2 of 2000 µatm (red lines) (c,d), leading to low TA, DIC values at salinity 0 (a,b); and (2) water with a pH of 8 and a pCO2 of 2000 µatm (black lines) (c,d), leading to high TA and DIC values at salinity 0 (a,b). The Danshuei River estuary may experience ocean acidification and may act as a CO2 source instead of a CO2 sink under the later scenario (c,d). 
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Figure 5. The variation of pCO2 and Revelle factor (RF) under different measurements of pH and DIC. The variation of pCO2 (a) and RF (b) under varied pH and DIC values at waters of salinity 0 and a pressure of 1 atm; pCO2 (c) and RF (d) variations were for waters of salinity 35 and a pressure of 1. The three lines from the right-hand side to the left-hand side represent pCO2 values of 290 (pre-industry CO2 level), 400 (modern CO2 level) and 800 (2100 year CO2 level) µatm, respectively. The change of pCO2 and RF from the river (red circle) to sea (red triangle) mixing process for the Danshuei River estuary can be compared in panel (a) and (c). For the Hoping river-to-sea mixing process, black markers are used. Each arrow represents a general range of mixing process among riverine and oceanic end-members. 
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Table 1. End-members for the river and sea mixing process.
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	Region
	Temp. (°C)
	Salinity
	TA (mmol kg−1)
	DIC (mmol kg−1)
	Nitrate (µM)





	Danshuei (River) 1
	26.0
	0.2
	0.799
	0.822
	40.0



	Hoping (River) 2
	33.7
	0.9
	1.922
	2.017
	20.0



	Danshuei (Sea) 3
	28.5
	33.4
	2.259
	1.907
	1.5



	Hoping (Sea) 4
	29.0
	33.8
	2.230
	1.950
	1.5







1 These Danshuei River end-members (except nitrate) were taken on 14 October 2017 at the station near Danshuei (25.1675° N, 121.4432° E). The nitrate concentration was adopted from Wen et al. [21]. 2 These Hoping River end-members (except nitrate) were taken on 7 November 2017 at 25.1675° N, 121.4432° E. This TA value is calculated by DIC and pH (7.50 pH unit) by the same constants in Section 2. We assume the nitrate concentration is half that of the Danshuei River. The river flow was close to dry conditions. Thus, please note that these riverine end-members may represent a high estimation. 3 These sea end-members (except nitrate) were taken on 29 June 2017 at the station off the Danshuei River estuary at the southern East China Sea. The nitrate concentration is assumed based on the database in the Ocean Data Bank, Taiwan. 4 The oceanic end-member for Hoping River was adopted from data reported by Sheu et al. [22].
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