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A B S T R A C T   

Dissolved inorganic carbon (DIC) and total alkalinity (TA) are fundamental components of carbonate systems 
that control pH and buffering capacity of a water body. Three coastal marshes with contrasting salinities in 
Barataria Basin, Louisiana, USA, were sampled five times between December 2018 and October 2019 to un-
derstand seasonal changes in porewater carbonate chemistry and its impact on surrounding water bodies. 
Porewater DIC and TA increased with depth irrespective of marsh type and ranged from 4.47 to 31.61 mmol/kg 
and from 1.78 to 28.56 mmol/kg, respectively. The salt marsh had higher porewater DIC and TA compared to the 
lower salinity intermediate and brackish marshes, probably due to sulfate reduction in the salt marsh. However, 
it is likely that denitrification is also an important anaerobic respiration pathway in these marshes because of 
high nitrate concentrations in this region and low porewater TA/DIC ratios in all three marshes. Porewater TA 
and DIC concentrations were generally higher during warmer months than colder months. However, the marsh 
flooding regime had a profound influence on TA and DIC concentrations by changing the redox potential of the 
marsh soil. Porewater TA/DIC ratios in all three marshes were generally less than 1, while surface water TA/DIC 
ratios were around 1, suggesting that export of DIC and TA from coastal marshes has the potential to contribute 
to coastal acidification.   

1. Introduction 

Marsh carbon dynamics have been the focus of extensive research 
because of the high rates of carbon fixation by the primary producers 
and subsequent support of estuarine food webs (Herke et al., 1995; 
Elsey-Quirk et al., 2011; Baker et al., 2020). The high rate of carbon 
burial and storage in the wetland soils contributes disproportionately to 
the global carbon budget relative to their size (Bauer et al., 2013). 
Marshes are a significant sink for atmospheric carbon dioxide (CO2), 
with a net uptake of approximately 5–87 Tg C yr− 1 globally and an 
average carbon burial rate of approximately 218 g C m− 2 yr− 1 (Chmura 
et al., 2003; Duarte et al., 2005; McLeod et al., 2011). Coastal marshes 
thus represent one of the largest carbon pools in the coastal zone 
(Chmura et al., 2003). The remineralization of a portion of this large soil 
organic matter pool and their subsequent exchange with surrounding 
water bodies can greatly influence the water chemistry of adjacent tidal 
channels and estuaries. 

Marsh porewater tends to have a higher partial pressure of CO2 
(pCO2), higher concentrations of dissolved inorganic carbon (DIC), and 
greater total alkalinity (TA) than surrounding surface waters, due to 
high anaerobic activity in marsh sediments (Wang et al., 2016; Najjar 
et al., 2018). Alkalinity and DIC production are driven primarily by 
organic matter decomposition involving a series of redox reactions 
(Krumins et al., 2013; Sippo et al., 2016, Table 1). In most sediments, 
organic matter decomposition follows a diagenetic reaction sequence, 
whereby surface aerobic processes (oxygen as the electron accepter) are 
followed by anoxic processes (electron accepters are nitrate, manganese, 
iron, and sulfate), in deeper sediment (Burdige, 2011; Hu and Cai, 2011; 
Fig. S1). The different microbial respiration processes in soil produce 
different amounts of DIC and TA for every mole of organic matter 
respired (assuming Redfield stoichiometry), as shown in Table 1. The 
concentrations and ratios of TA to DIC resulting from these microbial 
respiration processes control the pH of marsh porewater. Hydrological 
processes, such as tidal pumping and groundwater discharge, drive the 
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exchange between TA and DIC enriched porewaters and adjacent water 
bodies (Wang and Cai, 2004; Wang et al., 2016; Najjar et al., 2018). 
Depending on prevailing conditions, some of the TA and DIC are 
released to the atmosphere as CO2 or laterally exported to the coastal 
ocean, thereby contributing to both carbon export from marshes and 
buffering or acidification of coastal waters (Raymond et al., 2000; Wang 
and Cai, 2004; Wang et al., 2016). 

Tidal marshes are thus an important source of inorganic carbon to 
the coastal ocean and play an important role in modulating the buffering 
capacity of coastal waters (Wang et al., 2016). There have been few 
studies that quantify inorganic carbon fluxes from marshes or 
marsh-dominated estuaries into coastal oceans, but it still remains the 
least measured term in the ecosystem carbon budget (Wang and Cai, 
2004; Cai, 2011; Bauer et al., 2013; Wang et al., 2016). DIC export from 
a marsh-dominated estuary in the southeast USA to adjacent coastal 
waters has been estimated to be 109 g C m− 2 (of water) yr− 1 (Wang and 
Cai, 2004). In a recent study, loss of inorganic carbon was estimated to 
be 91% of tidal carbon export in a brackish marsh and may be the most 
important term limiting C sequestration (Bogard et al., 2020). While 
these flux estimates provide valuable information on the coastal carbon 
budget, there are large uncertainties and variabilities in these estimates 
due to low frequency sampling and scaling (Downing et al., 2009; Ganju 
et al., 2012; Wang et al., 2016). Using one salt marsh in the northeast 
USA, Wang et al. (2016) scaled up and calculated DIC export from 
marshes to the USA East Coast to be 414 g C m− 2 yr− 1. Najjar et al. 
(2018) provided more constrained carbon exchange budgets of wet-
lands, estuaries, and shelf for US east coast but also included limited 
studies. The tidal exchange of porewater DIC produced by organic 
matter respiration in the marsh soil represents a large portion of the 
exported DIC. However, the exchange of porewater between marshes 
and adjacent water bodies and the exact contribution of marshes to the 
net export of DIC is currently poorly understood at both regional and 
global scales. A robust estimate of marsh DIC export requires measure-
ments in tidal channels as well as in porewater but very few studies 
included porewater endmembers (e.g., Wang et al., 2016; Guimond 
et al., 2020; Santos et al., 2021). Therefore, a better understanding of 
porewater DIC and TA in marsh soils could improve our knowledge of 
the coastal carbon budget and its impact on possible coastal 
acidification. 

The coastal marshes in the Mississippi River Deltaic region have been 
undergoing rapid erosion caused by eustatic sea level rise, high 

subsidence rates, oil and gas activities, low sediment supply, and 
infrequent storm events (Snedden et al., 2007; Kolker et al., 2011; 
Robert and John, 2011; Couvillon et al., 2017; Turner and McClenachan, 
2018). Analyses show that coastal Louisiana has experienced a net land 
loss of approximately 4833 square kilometers from 1932 to 2016, which 
amounts to a decrease of approximately 25 percent of the 1932 land area 
(Couvillon et al., 2017). Marsh loss can be expected to release high DIC 
but low pH porewater to adjacent estuaries due to the increased hy-
drological exchange (Kindinger et al., 2013) and respiration of the 
eroded labile carbon (Hayes et al., 2021), which could potentially drive 
pH variability and contribute to coastal acidification (Ekstrom et al., 
2015; Still and Stolt, 2015). In coastal Louisiana, in addition to the 
widespread rapid conversion of marsh to open water, the boundaries 
between salt marshes and fresher marshes have been shifting (Couvillon 
et al., 2017; Linscombe and Hartley, 2011). Marsh type changes could 
influence the DIC to TA ratio in porewater, which in turn can change the 
pH of porewater and the surrounding surface water. Further, numerous 
restoration projects to combat marsh loss are underway, and include 
river diversions, which will introduce water and sediment from the 
Mississippi River to flow into deteriorating marsh basins (CPRA, 2017). 
The proposed Mid-Barataria Sediment Diversion will divert up to 2100 
m3/s of fresh water from the Mississippi River directly into the Barataria 
Basin (CPRA, 2017), which could potentially freshen salt and brackish 
marshes in its flow path. This influx of colder, nutrient-rich river water 
will not only change the salinity, but also change marsh soil tempera-
ture, flooding regime, and redox potential (Das et al., 2012; Peyronnin 
et al., 2017; White et al., 2019). Such changes will influence soil respi-
ration processes and porewater exchange (Roberts and Doty, 2015; Shen 
et al., 2015), which in turn will determine TA and DIC flux between 
marshes and surrounding water bodies. Such a change could reverse the 
DIC to TA ratio in porewater by shifting the remineralization pathway of 
organic matter in the sediment. For instance, the influx of fresh, 
nutrient-rich Mississippi River water may increase denitrification rate in 
a salt marsh soil, where sulfate reduction may otherwise be the domi-
nant anaerobic decomposition process. 

It is thus important to understand the dynamics of DIC and TA in 
marsh soils with contrasting salinities to determine how dissolved 
inorganic carbon dynamics may change in future and impact adjacent 
water bodies. Since the biogeochemical processes that control DIC and 
TA are dependent on temperature and redox potential, we conducted 
our study during different seasons and at different marsh soil depths. We 
hypothesized that TA/DIC ratio in marsh soils will be higher during 
summer months due to higher anaerobic respiration in soil, which 
usually generates more TA than DIC. The exchange of such porewater 
will result in buffering of adjacent channel waters. To test this hypoth-
esis, we measured seasonal variability in porewater DIC and TA in three 
contrasting marshes as well as DIC and TA in adjacent channels and 
creeks. 

2. Method 

2.1. Study area 

The study area is in Barataria Basin, Louisiana, USA, located in the 
north-central Gulf of Mexico, just to the west of the Mississippi River 
(Fig. 1). The Barataria estuary is about 120 km long and on average 
about 2 m deep. The northern half of the estuary contains several large 
lakes. The southern half of the estuary contains tidally influenced 
marshes interconnected by ponds, lakes, and channels that finally empty 
into a large bay system behind barrier islands. Four tidal passes (Bar-
ataria, Caminada, Abel and Quatre Bayou) connect the estuary and the 
Gulf of Mexico. The diurnal tide range in the Barataria Basin is 
approximately 0.35 m at the coast but decreases by an order of magni-
tude as the tide progresses inland. Salinities range from near zero in the 
upper reaches of the estuary to about 25 in the southernmost section of 
the estuary. Fresh water enters the Barataria estuary mainly from four 

Table 1 
Major biogeochemical process governing DIC and TA changes in coastal envi-
ronments (adapted from Krumins et al., 2013 and Sippo et al., 2016).  

Reaction Name Reaction Equation ΔDIC ΔTA 

Hydrolysis (CH2O)106(NH3)16(H3PO4) + 15H+→ 
106CH2O + 16NH4

+ + H2PO4
−

0 +0.14 

Aerobic 
respiration 

CH2O + O2 → CO2 + H2O +1 0 

Denitrification CH2O + 0.8NO3
− + 0.8H+ → CO2 + 0.4N2 

+1.4H2O 
+1 +0.8 

Manganese 
reduction 

CH2O + 2MnO2 + 4H+ → CO2 + 2Mn2+ +

3H2O 
+1 +4 

Iron reduction CH2O + 4Fe(OH)3 + 8H+ → CO2 + 4Fe2+ +

11H2O 
+1 +8 

Sulfate reduction CH2O + 0.5SO4
2− + 0.5H+ → CO2 + 0.5HS- 

+ H2O 
+1 +1 

Methane 
fermentation 

CH2O → 0.5CO2 + 0.5CH4 +0.5 0 

Primary 
production 

106CO2 + 16NO3
− + H3PO4 → 

(CH2O)106(NH3)16(H3PO4) 
− 1 +0.2 

Carbonate 
dissolution 

CaCO3 → Ca2+ + CO3
2- +1 +2 

Nitrification NH4
+ + 2O2 → NO3

− + H2O + 2H+ 0 − 1 
Iron oxidation 4Fe2+ + O2 → 4Fe(OH)3 + 8H+ 0 − 8 
Sulfide oxidation HS− + 2O2 → SO4

2− + H+ 0 − 1 
Carbonate 

precipitation 
Ca2+ + CO3

2− → CaCO3 − 1 − 2  
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sources: rainfall, stream runoff, the Mississippi River, and the Gulf 
Intracoastal Waterway (Das et al., 2012). The region can be character-
ized as subtropical with long, hot, and humid summers and generally 
short, mild winters. The average monthly temperature ranged from 
12.5 ◦C in January 2019 to 29.4 ◦C in August 2019, with a mean of 
22.7 ◦C for the 11-month study period (December 2018 to October 
2019). The monthly precipitation totals ranged from 4.8 mm in 
September 2019 to 316.7 mm in October 2019, with a monthly mean of 
149.5 mm for the 11 months (NOAA National Centers for Environmental 
Information site: New Orleans Airport, LA, USA). 

Three marsh types in the Barataria Basin were selected for this study: 
an intermediate marsh, a brackish marsh, and a salt marsh (Table 2 and 
Fig. 1). The sites were selected due to their proximity to Louisiana’s 

Coastwide Reference Monitoring System (CRMS) sites where data on 
vegetation, hydrology, accretion, elevation change, and land/water 
composition have been collected for the last 10 years. 

2.2. Sample collection 

Samples were collected during five field trips at each of the three 
marshes. The intermediate and brackish marshes were visited on the 
same day, while separate field trips during the same season were made 
to the salt marsh (Table 2 and Fig. 1). During each trip, water quality 
parameters, such as temperature, salinity, specific conductance, dis-
solved oxygen (DO) concentration were measured in-situ using a YSI 
handheld meter (YSI professional plus; Yellow Springs, OH). pH was 

Fig. 1. Three study sites with contrasting salinity in Barataria Basin in Louisiana, USA. The three most abundant plant species are listed for each marsh. Base map is 
provided by Google Earth. 

Table 2 
Site characteristics of the three marshes investigated during this study. Soil moisture content, bulk density (BD) and organic matter content (OM) represent the average 
for the top 24 cm marsh soil. The air temperature and precipitation data are available at NOAA NCEI (National Centers for Environmental Information).  

Site Latitude Longitude CRMS Sampling 
Date 

Air Temp. 
(◦C) 

Precipitation for 7 days prior to 
sampling (mm) 

Flooding 
(visual) 

ID Moisture 
(%) 

BD (g/ 
cm3) 

OM 
(%) 

Intermediate 29.6703 − 90.1336 4245 83 0.15 38.2 01/08/19 18.1 33.3 No 
03/15/19 18.1 12.2 No 
06/12/19 27.3 16.3 No 
08/21/19 28.3 1.1 No 
10/22/19 22.2 28.0 No 

Brackish 29.5598 − 90.0733 0220 80 0.17 38.9 01/08/19 18.1 33.3 No 
03/15/19 18.1 12.2 No 
06/12/19 27.3 16.3 Yes 
08/21/19 28.3 1.1 Yes 
10/22/19 22.2 28.0 Yes 

Salt 29.4923 − 89.9125 0224 77 0.22 31.0 12/18/18 11.9 9.7 No 
02/13/19 12.8 34.8 Yes 
05/15/19 24.5 144.3 Yes 
09/06/19 30.1 0 Yes 
10/28/19 18.6 186.2 Yes  
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measured using the YSI meter until March 2019, after which a pH meter 
(Thermo Scientific Orion 2 STAR; Waltham, MA) was used. pH was also 
calculated (denoted by calculated pH) using measurements of TA, DIC, 
temperature, pressure, salinity, and the CO2SYS.XLS application 
(Pierrot and Wallace, 2006), by selecting K1 and K2 carbonic acid 
dissociation constants of Millero et al. (2006), and KSO₄ as determined by 
Dickson (1990). 

Porewater samples were collected at both the edge (~1 m from 
creek) and interior (~30 m from creek) of the marshes for analyses of 
DIC and TA at 10, 25, and 80 cm below the marsh surface with a syringe 
attached to a specially designed porewater sampler (Fig. S2). The sam-
plers were made of 90 cm-long clear acrylic rigid tubes with 2.5 mm 
internal diameter and a luer-lock attachment at one end. The bottom 2 
cm of the other end was sealed with epoxy, and 10 holes with diameter 
of ~1.5 mm were drilled above the bottom seal to allow porewater to 
seep into the tubes (McKee et al., 1988). The porewater samples were 
collected after discarding the dead volume inside the sampler (~6 mL) 
and rinsing the syringe with porewater. Water samples from marsh 
surface, creeks, and channels were collected directly using a syringe 

connected to a tube. For both DIC and TA samples, water samples were 
passed through a 0.45 mm glass fiber syringe filter and collected without 
headspace into air-tight 40 mL glass vials, by filling from the bottom and 
allowing overflow of at least the volume of the vial to minimize atmo-
spheric contamination (Anderson et al., 2020). DIC and TA samples were 
preserved with 20 μL saturated mercuric chloride (HgCl2) solution. 
Water samples were transported to the laboratory on ice and stored at 
5 ◦C until analysis. 

Marsh surface water samples were collected if the marsh was flooded 
during the field trip. Flooding conditions of the three marshes deter-
mined by visually inspecting the sampling area during the field trip were 
not consistent during the field trips (Table 2). For instance, the inter-
mediate marsh surface was never flooded during the five field trips, 
while the brackish marsh was flooded during three trips and the salt 
marsh was flooded during all trips except the one in December. The 
observed flooding conditions at each site were not consistent with the 
water level data recorded by Louisiana Coastwide Reference Monitoring 
System (CRMS) (Fig. 2). We attribute this inconsistency to spatiotem-
poral heterogeneity between the CRMS sites and the sampling sites, even 

Fig. 2. Surface water level (a, b, c) and salinity (d) of the three marshes. All data used in this figure were collected from near-by CRMS sites. Sampling dates are 
marked with red arrows. Note that the salt marsh had different sampling dates from the other two marshes. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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though they were in proximity. The observed flooding condition during 
field trips can be considered site-specific information. However, the 
continuous data from CRMS is valuable for understanding the seasonal 
variability in salinity and water level during our study period and their 
differences between the three marsh sites. 

We were unable to collect porewater samples from all three depths at 
the marsh edge for the intermediate and brackish marshes during many 
of the trips when the marsh was dry, so there were no porewater to 
collect at shallower depths. Thus, for comparison between the marshes, 
only interior porewater data were used and comparison of porewater 
between marsh edge and marsh interior was only made for the salt 
marsh site. 

2.3. Lab analysis 

Dissolved inorganic carbon samples were measured using the stan-
dard protocol for the semi-automated system Apollo SciTech AS-C5 
Dissolved Inorganic Carbon Analyzer (Newark, DE, USA). Briefly, a 
0.5–1 mL sample was acidified by phosphoric acid, and the extracted 
CO2 gas was subsequently quantified with a built-in infrared CO2 de-
tector with a precision <1% (Cai et al., 1998). Both certified reference 
material (CRM batch 180; DIC = 2021.87 ± 0.50 μmol/kg; Dickson, 
2010) and an internal standard of 20.897 mmol/kg NaHCO3 solution 
were used to make the standard curves for calculation. 

Alkalinity samples were analyzed by Gran titration (Gran, 1952) 
using the semi-automated system Apollo SciTech AS-ALK2 Total Alka-
linity Titrator (Newark, DE, USA). The precision of this method is less 
than 1% and the analysis were carried out at a controlled temperature of 
25 ◦C. The titrator was calibrated using the certified reference material 
(CRM batch 180; TA = 2224.47 ± 0.56 μmol/kg; Dickson, 2010) and a 
20.897 mmol/kg NaHCO3 solution. It is important to note that this 
alkalinity measurement may include the contribution from organic 
alkalinity (Cai et al., 1998). A recent study of a salt marsh in the 
northeast USA found organic alkalinity to contribute 0.9–4.3% of TA 
(Song et al., 2020). 

3. Results 

3.1. Soil chemistry 

From December 1, 2018 to December 31, 2019, continuous water 
level data from CRMS showed that the salt marsh was flooded more 
frequently than the intermediate and brackish marshes (Fig. 2a–c). 
Seasonally, all marshes were flooded less frequently during the winter 
and more frequently during the summer and fall. At times of sample 
collection, the observed flooding conditions differed among marshes. 
For example, the salt marsh was flooded four out of the five sampling 
times, while the intermediate marsh was never flooded (Table 2). 

Using data collected from CRMS, the average soil moisture content in 
the upper 24 cm of the intermediate, brackish, and salt marshes was 
calculated to be 83, 80, and 77%, respectively. All three marshes had 
similar soil bulk densities and organic matter contents (Table 2). The 
average dry bulk density of the top 24 cm was 0.15, 0.18, and 0.22 g/ 
cm3 in the intermediate, brackish, and salt marshes, respectively. The 
average organic matter content of the top 24 cm was 38.2, 38.9, and 
31.0% for the three marshes, respectively, which is similar to the organic 
content reported in other studies from this region (Ryu et al., 2021a, 
2021b). Ryu et al. (2021a, 2021b) also indicated the peat layer to be at a 
depth >150 cm, which is deeper than our current sampling depths. 

The surface water salinity at surrounding channels/creeks was 
greater at the salt marsh than at the intermediate and brackish marshes; 
the differences among the three marshes were most pronounced during 
the drier winter months (Fig. 2d). Porewater salinities of the three 
marshes were also different with an increase from the intermediate 
marsh to the salt marsh (Fig. 3a). The average porewater salinity in the 
intermediate and brackish marshes was usually less than 5, while the 

average porewater salinity in the salt marsh was generally above 10. In 
all three marshes, the porewater pH was below 7, with the intermediate 
and brackish marshes having similar pH, and the salt marsh having a 
higher pH (Fig. 3b). The redox potential decreased with depth in all 
marshes with the salt marsh having the lowest redox potential, or most 
reduced conditions, overall (Fig. 3c). 

3.2. Temporal variations of TA, DIC, and TA/DIC ratio 

The TA, DIC concentrations and TA/DIC ratios exhibited 

Fig. 3. Porewater (a) salinity, (b) pH, and (c) Eh in the three marshes. Mean 
values are represented by solid dots, and the horizontal bars represent standard 
errors. Depth = − 10, − 25, and − 80 cm were used to denote porewater sam-
pling depth of 10, 25, and 80 cm below the marsh surface. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

S. He et al.                                                                                                                                                                                                                                       



Estuarine, Coastal and Shelf Science 268 (2022) 107801

6

considerable variation over time. For instance, the brackish marsh 
porewater DIC concentration at 10 cm during late summer (August) was 
15.50 mmol/kg, which is three times greater than 4.72 mmol/kg 
recorded in spring (March) (Fig. 4). In general, both TA and DIC con-
centrations were found to be higher in warmer months than during 
colder months (Fig. 4). However, for the salt marsh, during the cold but 
dry season (December), both porewater TA and DIC at 10 and 25 cm 
were the highest among all five trips. TA/DIC ratios of the intermediate 
and brackish marshes also were the highest during this season 
(January). For the salt marsh, porewater TA/DIC ratio was the highest in 
February. 

3.3. Spatial variations of TA, DIC, and TA/DIC ratio 

TA was higher in porewater than in the adjacent channels and creeks 
at all three marshes (Table 3; Figs. 4 and 5). Channel and creek surface 
water TA concentrations increased from the intermediate marsh to the 
salt marsh. The intermediate marsh and the brackish marsh had similar 
porewater TA (Fig. 5a). The average porewater TA concentrations in 
these two marshes was 8.04 mmol/kg, ranging from 4.52 mmol/kg at 
the brackish marsh at 10 cm below marsh surface to 13.93 mmol/kg at 
the intermediate marsh at 80 cm. The salt marsh had higher porewater 
TA when compared with the other two marshes, ranging from 12.74 to 
24.98 mmol/kg (mean = 18.15 mmol/kg). Porewater TA in all three 
marshes increased with depth, with 80 cm porewater always having the 
highest TA. Concentrations of DIC were higher than TA concentrations 
in all three marshes but showed similar patterns as TA (Fig. 4b). The TA/ 
DIC ratios in porewaters of all three marshes were less than 1, except for 
the salt marsh at 10 cm. The TA/DIC ratio also increased with depth at 
the intermediate and brackish marshes, but not at the salt marsh. 

A comparison of marsh edge and marsh interior TA and DIC con-
centrations for the salt marsh showed that the marsh interior usually had 
higher TA and DIC than the marsh edge (Fig. 6). The TA/DIC ratios on 
the other hand were similar between the marsh edge and interior at 80 
cm but differed at 10 cm and 25 cm depths. 

4. Discussion 

4.1. Processes driving porewater chemistry 

This study shows that Barataria Basin porewaters have some of the 
highest reported DIC and TA concentrations for coastal marshes (Wang 
et al., 2016; Taillardat et al., 2018a, 2018b; Guimond et al., 2020; Santos 
et al., 2021). This could be a combination of high organic matter 
remineralization rates and microtidal environment. The diurnal tidal 
range is only 0.35 m at the coast and decreases by an order of magnitude 
as the tide progresses inland (Das et al., 2012). This low tidal range 
coupled with low surface elevation of these marshes can result in longer 
residence time of porewater leading to the high DIC and TA 

Fig. 4. Porewater TA (a), DIC (b), and TA/DIC ratio during the five field trips. Colder (blue and green) and warmer (red, purple, and yellow) colors were used to 
represent colder (December to March) and warmer (May to October) months. Depth = − 10, − 25, and − 80 cm were used to denote porewater sampling depth of 10, 
25, and 80 cm below the marsh surface. Depth = 0 cm was used to denote water samples collected on the marsh surface. Marsh surface was not flooded if there is no 
data for depth = 0 cm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Mean ± standard error values for environmental and inorganic carbon param-
eters in channels and creeks from December 2018 to October 2019. Numbers 
listed in parentheses are the corresponding sample sizes.  

Parameter Intermediate Brackish Salt 

Channel Creek Channel Creek Channel Creek 

Salinity 1.22 ±
0.88 (5) 

1.04 
± 0.55 
(5) 

2.81 ±
1.51 (5) 

3.07 
± 1.41 
(5) 

7.18 ±
0.88 (6) 

7.04 
± 0.68 
(8) 

pH 7.78 ±
0.31 (5) 

7.76 
± 0.39 
(5) 

7.72 ±
0.43 (5) 

7.57 
± 0.20 
(5) 

7.75 ±
0.23 (6) 

7.53 
± 0.15 
(8) 

Calculated 
pH 

7.86 ±
0.15 (5) 

8.04 
± 0.36 
(5) 

8.24 ±
0.24 (5) 

7.85 
± 0.28 
(5) 

7.87 ±
0.18 (6) 

7.70 
± 0.20 
(7) 

TA (mmol/ 
kg) 

1.60 ±
0.05 (5) 

1.59 
± 0.03 
(5) 

1.74 ±
0.12 (5) 

1.86 
± 0.09 
(5) 

1.96 ±
0.08 (6) 

2.01 
± 0.11 
(7) 

DIC 
(mmol/ 
kg) 

1.63 ±
0.05 (5) 

1.58 
± 0.06 
(5) 

1.69 ±
0.12 (5) 

1.87 
± 0.08 
(5) 

1.92 ±
0.09 (6) 

2.03 
± 0.11 
(7) 

TA/DIC 0.98 ±
0.01 (5) 

1.01 
± 0.04 
(5) 

1.04 ±
0.03 (5) 

1.00 
± 0.03 
(5) 

1.02 ±
0.02 (6) 

1.00 
± 0.02 
(7)  
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concentrations observed in these three marshes. 
The TA/DIC ratios in the intermediate and brackish marshes of 

Barataria Bay were similar and lower than in the salt marsh (Fig. 5c), 
suggesting the dominant microbial processes may differ in the three 
marshes. The porewater TA/DIC ratios of the salt marsh edge and 
interior sites were different at shallower depths but converged with 
depth at 80 cm possibly due to less hydrologic exchange (Fig. 6), sug-
gesting that similar biogeochemical processes might be controlling soil 
TA and DIC at the marsh edge and interior and that there could be 
considerable exchange of tidal water in the upper layers but not at 80 
cm. 

The relationship between DIC and alkalinity can provide insights 
into the biogeochemical drivers of DIC and alkalinity dynamics (Borges, 
2003; Bouillon et al., 2007). The ratio of TA to DIC tends to follow a 
stoichiometric relationship specific to the pathways of organic matter 
mineralization. TA and DIC concentrations are often normalized for 
surface water with widely diverging salinity (Friis et al., 2003; Sippo 
et al., 2016), but normalizing porewater TA and DIC data in marshes 
with differing salinities is difficult to carry out with relatively fewer 
samples and varying biogeochemical processes with depth. Therefore, 
we did not normalize our TA and DIC concentrations and did not 
combine porewater samples from the three different marshes in our 
analysis. Results showed that DIC and TA were strongly correlated at all 
three marshes, with the regression slopes indicating the dominance of 
anaerobic processes driving porewater DIC and TA. Slopes ranged from 
0.614 to 0.855 (Fig. 7), similar to slopes expected for a combination of 
aerobic respiration (− 0.2), denitrification (0.8), sulfate reduction (1.0), 
and iron reduction (8.0). The redox potentials measured at these three 
marshes support such processes (Fig. 3c). Sulfate reduction is usually a 
dominant respiration process in salt marshes due to the abundance of 
sulfate (Cai et al., 2003a; Burdige, 2011). The slopes of the intermediate 
and brackish marshes were lower than the salt marsh (Fig. 7), which is 
probably due to the sulfate reduction occurring in the salt marsh. The 
higher sulfate reduction rate in the salt marsh could also potentially 
explain the higher DIC and TA concentrations in the salt marsh than in 
the other two marshes. The observed TA/DIC ratio of porewater alone 
cannot provide sufficient information about the dominant respiration 

pathway in these marshes. We can only speculate based on previous 
approaches that have used the Redfield ratio as a starting point to un-
derstand the contributions of various respiration processes in marsh soil 
DIC and TA (Krumins et al., 2013; Sippo et al., 2016). High nitrate 
concentrations of up to 82 μmol/L have been reported from the Barataria 
Bay region, which resulted in high denitrification rates of 21.4–900 
μmol N m− 2 hr− 1 (Yu et al., 2006; VanZomeren et al., 2013; Vaccare 
et al., 2019; Upreti et al., 2021; Turner et al., 2019). Thus, denitrification 
has an important impact on the observed porewater TA/DIC ratio than 
other respiration pathways, especially in the intermediate and brackish 
marshes where average salinities in the adjacent channels and creeks are 
1 and 3, respectively. In case of the salt marsh, which has an average 
salinity of 7 in the adjacent channel and creek, the anerobic respiration 
is probably a more complex interplay of sulfate reduction and denitri-
fication depending on the seasonal freshwater influence. It must be 
noted here that only denitrification results in production of more DIC 
than TA, i.e., TA/DIC <1, while other anerobic respiration pathways 
including manganese, iron, and sulfate reductions result in TA/DIC ra-
tios greater than 1 (Table 1). However, calcium carbonate precipitation 
in the porewater cannot be ruled out given high DIC and TA concen-
trations and likely high carbonate saturation state in the anoxic pore-
water (Boudreau and Canfield, 1993; Lin et al., 2020). Ca+2 

concentrations in porewater from our study site are not available but 
porewater analysis in other coastal Louisiana marshes indicate Ca+2 

concentrations ranging from 2.5 to 12.5 mM (Robert P. Gambrell, 
Louisiana State University, personal communication). Thus, the influ-
ence of calcium carbonate precipitation on TA/DIC ratio in the pore-
water cannot be ignored. 

A positive relationship was observed between DIC and porewater 
sampling depth for all three marshes (Figs. 4 and 5). Similarly, TA 
concentrations increased with depth. These relationships, in combina-
tion with the slopes of DIC versus TA correlations, are indicative of 
sediment anaerobic processes, suggesting that exchange between marsh 
and adjacent surface water could be a driver of inorganic carbon ex-
change. This is supported by previous studies in mangroves and marshes 
that have suggested that tidal pumping drives high surface water inor-
ganic carbon concentrations through high porewater exchange rates 

Fig. 5. Mean and standard errors of TA (a), DIC (b), TA/DIC ratio (c), and calculated pH (d) in the three marshes. Mean values are represented by solid dots, and the 
horizontal bars represent standard errors. Depth = − 10, − 25, and − 80 cm were used to denote porewater sampling depth of 10, 25, and 80 cm below the marsh 
surface. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(Maher et al., 2013; Wang and Cai, 2004; Wang et al., 2016). High TA 
and DIC exports driven by porewater exchange have been reported for a 
number of coastal systems (e.g., Faber et al., 2014; Santos et al., 2015; 
Stewart et al., 2015; Burt et al., 2016; Sippo et al., 2016; Taillardat et al., 
2018a), including coastal wetlands (Cai et al., 2000; Neubauer and 
Anderson, 2003; Wang and Cai, 2004; Wang et al. 2016, 2018; Najjar 
et al., 2018; Santos et al., 2019). The high porewater concentrations of 
DIC and TA reported in this study suggest that this could be a substantial 
source of TA and DIC exported to the coastal ocean under increased 
hydrological exchanges between marsh soil and surrounding surface 
water that can occur due to high frequency storms as well as future tidal 
regime changes caused by sea level rise and/or land loss (Kindinger 
et al., 2013). 

Temperature and flooding could also play important roles in marsh 
biogeochemical processes. Our results showed that TA and DIC con-
centrations were generally higher during warmer months (Fig. 4). Since 
decomposition rates are faster at higher temperatures (Roberts and 
Doty, 2015), we expected to see higher porewater TA and DIC concen-
trations during warmer months. However, we suspect flooding 

conditions also played an important role. When a marsh has no over-
lying water, higher organic matter respiration rates can be expected 
because of oxygen availability in the soil upper layers, which could 
mean higher DIC but not higher TA (Table 1). Therefore, this cannot 
sufficiently explain the higher TA and DIC observed in the salt marsh at 
10 and 25 cm during that period. Low water level in winter and the 
microtidal environment can limit lateral exchange leading to buildup of 
DIC and TA over time. This can explain the higher TA and DIC in the salt 
marsh porewater in December when soil respiration rate is expected to 
be lower. 

4.2. Impact of marsh type on coastal acidification 

Our results show that the channel and creek surface waters near all 
three marshes had TA/DIC ratios close to 1 (Table 3), implying that 
[CO2] ≈ [CO3

2− ], and that the buffering capacities of the channels and 
creeks are low (Wang et al., 2016). The ratio of TA to DIC concentrations 
indicate the relative abundance of carbonate species (e.g., CO2 and 
CO3

2− ) in coastal waters. For specific salinity and temperature ranges, 

Fig. 6. Salt marsh edge (blue circles with crosses) and interior (black dots) porewater TA (a), DIC (b), and TA/DIC during the five field trips. Depth = − 10, − 25, and 
− 80 cm were used to denote porewater sampling depth of 10, 25, and 80 cm below the marsh surface. Depth = 0 cm was used to denote water samples collected on 
the marsh surface. Marsh surface was not flooded if there is no data for depth = 0 cm. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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the ratio of TA/DIC can be closely correlated with carbonate system 
parameters, such as ΩA and pH (Xue and Cai, 2020). As such, TA and DIC 
ratio has been widely utilized in studies of coastal carbonate chemistry 
(e.g., Wang et al., 2013; Mol et al., 2018). Different TA/DIC ratios can 
imply a difference in buffer capacity. Porewater TA/DIC ratios in all 
three marshes were less than 1, with the salt marsh having higher 
TA/DIC ratios than the intermediate and brackish marshes (Fig. 4c). The 
differences in porewater and surface water TA/DIC ratios suggests that 
exchange between porewater and surface water could decrease the 
buffering capacity and pH in these systems. This contrasts with several 
studies on mangroves, which have shown higher TA than DIC resulting 
in enhanced buffering capacity of surrounding water bodies through 
hydraulic exchange (Sippo et al., 2016; Saderne et al., 2019; Akhand 
et al., 2021). We attribute this difference to denitrification as well as 
carbonate precipitation, both of which will result in a TA/DIC ratio less 
than 1 in the marsh soil. 

The CO2 fixed by marsh vegetation and the subsequent export of 
inorganic and organic carbon is an important process that causes the 
marsh-influenced nearshore and offshore coastal regions to be annual 
net sources of atmospheric CO2 (Cai et al., 2003b; Wang and Cai, 2004; 
Borges et al., 2005). Studies have also shown that the export of inorganic 
carbon from coastal marshes to coastal ocean is substantial and could 
play an important role on coastal acidification (Cai et al., 2000; Wang 
et al., 2016; Laurent et al., 2017). The addition of DIC (CO2) to the 
typical coastal water will initially decrease then increase buffering ca-
pacity depending on the TA and DIC ratio. During this process, pH al-
ways decreases regardless of buffering capacity changes, as pH change is 
dominated by inputs of CO2 (Wang et al., 2016). Therefore, changes in 
surface water TA/DIC due to marsh porewater inputs can directly alter 
the sensitivity of coastal water pH. In our study, porewater TA/DIC ra-
tios of all three marshes were generally less than 1 (Fig. 4c), suggesting 
that an input of these porewaters could decrease the channel and creek’s 
TA/DIC ratio (Table 3), which in turn would influence the buffering 
capacity and pH of channels and creeks. For porewater to have sub-
stantial influence, it needs to undergo active exchange and be laterally 
transported to surrounding surface waters, such as tidal channels and 

creeks. 
The exchange rate between marsh soil and surrounding channels and 

creeks plays an important role in porewater and surface water TA/DIC 
ratios. Higher rate of exchange could increase the TA/DIC ratio in 
porewater and decrease the TA/DIC ratio in the creeks and channels. 
Instead, the salt marsh soils had the highest TA/DIC ratios. A possible 
explanation is that the hydrological differences between the salt marsh 
and the intermediate and brackish marshes play an important role. The 
salt marsh has daily flooding and ebbing as part of the tidal signal, which 
should lead to higher exchange between porewater and adjacent surface 
water, which would result in higher porewater TA/DIC ratios than the 
two lower salinity marshes. Our study of inorganic carbon dynamics in 
three marshes with contrasting salinity may provide valuable insight on 
TA/DIC ratios and potential ocean acidification if lower salinity marshes 
transition to more saline marshes as might be expected with increases in 
rates of sea level rise. 

Our study did not show any correlation between porewater TA/DIC 
ratio and the TA/DIC ratio of surface water in the surrounding creeks 
and channels, which were around 1 (Table 3). This study was designed 
to understand whether porewater endmembers can potentially influence 
the acidification of the surrounding water by studying the seasonal 
changes in porewater DIC and TA in contrasting marshes. It is conse-
quently difficult to extrapolate the extent of the porewater TA/DIC 
impact on surrounding water bodies. The extent of exchange between 
marsh porewater and surrounding water bodies will determine the in-
fluence of porewater on surrounding water bodies which in turn de-
pends on several processes such as hydrology, tide, and wind speed/ 
direction. Thus, a detailed time-series study of such porewater exchange 
would offer insight on its impacts to adjacent water bodies, which was 
beyond the scope of our current study. Our results showing TA/DIC <1 
in the majority of our porewater samples across different seasons indi-
cate that there is a distinct possibility for porewater to potentially in-
fluence the carbonate chemistry of the surrounding water. There are no 
prior estimates of porewater DIC and TA concentrations reported from 
our study region. When compared with other regions in the world 
(Taillardat et al., 2018a, 2018b), porewater TA and DIC in our study 

Fig. 7. Correlations of DIC versus TA at 
three marshes in Barataria Basin, Louisiana. 
Both marsh edge and interior data are 
included. Solid green, orange, and blue lines 
indicate linear correlations, and dashed 
black lines indicate stoichiometric ratios of 
the biogeochemical processes that can con-
trol TA and DIC. Slopes of the regression 
equations are highlighted using a colored 
rectangular box. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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sites are among the highest and were up to 15 times higher than sur-
rounding surface water. Such high TA and DIC concentrations suggest 
either low exchange rates between marsh soils and surrounding water 
bodies leading to the accumulation of TA and DIC, a very high organic 
decomposition rate in our marsh soils, or a combination of both. The 
coastal marshes in this region are currently undergoing rapid erosion 
(Snedden et al., 2007; Couvillon et al., 2017), and marsh loss could 
potentially release high DIC and low pH porewater to adjacent estuaries. 
With TA/DIC ratios so close to 1 in the surface water, even a very small 
change in [CO2] addition could dramatically change the pH and buff-
ering capacity of coastal waters, which could have complex implications 
for coastal ocean in the future (Cai et al., 2011; Wang et al., 2016). 

Porewater pH at all three marshes were lower than the pH of cor-
responding channels and creeks (Table 3 and Fig. 3). Marsh loss in 
coastal Louisiana will potentially increase the exchange rate (Kindinger 
et al., 2013) between marsh soil and coastal surface water bodies 
resulting in the delivery of porewater with low pH and low TA/DIC into 
the already stressed northern Gulf of Mexico (Ekstrom et al., 2015). The 
resulting coastal acidification from such a process could be harmful to 
fisheries and marine wildlife (Kleypas et al., 1999; Feely et al., 2018). 

The study was conducted during an extended period of low salinity 
across Barataria Basin. The processes and observations could change if 
the sampling had been done in years with extended droughts such as 
2000 and 2006. The extent to which our results would change is unclear. 
Unfortunately, there is little to no information on such subjects currently 
to help us be more certain as this is the first study in this region to 
attempt to understand inorganic carbon dynamics in marsh soils with 
contrasting salinity. Future studies could focus on the exchange of 
porewater between marsh and adjacent water bodies, and the porewater 
data reported in this study suggests that such exchange processes can 
have implications for coastal acidification. 

5. Conclusions 

This study investigated the spatial and temporal trends of dissolved 
inorganic carbon (DIC) and total alkalinity (TA) and their ratio in three 
marshes with contrasting salinity within Barataria Basin, Louisiana, 
USA. It is the first study on the spatiotemporal trend of porewater car-
bonate chemistry in this region. Porewater TA and DIC concentrations in 
our study sites are among the highest if it is not the highest when 
compared with previous studies and were up to 15 times higher than 
surrounding surface water bodies. Such high TA and DIC concentrations 
suggest either low exchange rates between marsh soils and surrounding 
water bodies leading to the accumulation of TA and DIC, or a very high 
organic decomposition rate in our marsh soils, or a combination of both. 
The TA concentrations were found to be usually lower than porewater 
DIC, suggesting that marshes in coastal Louisiana, including salt 
marshes, can be potential drivers of coastal acidification because of the 
dominant denitrification pathway associated with high nitrate load in 
this region. Future studies of coastal ocean acidification could also 
consider not only atmospheric pCO2 and temperature changes, but also 
incorporate the effects of coastal systems, including marshes and asso-
ciated DIC and TA inputs, which are expected to increase due to wetland 
loss and eutrophication (Cai et al., 2011; Sunda and Cai, 2012; Laurent 
et al., 2017). The spatial and temporal characterizations of the pore-
water DIC and TA depth profiles could help constrain mass balance 
models of marsh DIC and TA inputs and enhance our understanding of 
the marsh carbon pump in coastal oceans. 
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