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ABSTRACT 

We investigated the effects of elevated carbon dioxide (CO2) on biogeochemistry of marsh sediment including speci- 
ation of selected heavy metals in Salinas de San Pedro mudflat in California. The Salinas de San Pedro mudflat has 
higher carbon (C) content than the vast majority of fully-vegetated salt marshes even with the higher tidal action in the 
mudflat. Sources for CO2 were identified as atmospheric CO2 as well as due to local fault degassing process. We meas- 
ured carbon dioxide, methane, total organic carbon, dissolved oxygen, salinity, and heavy metal concentration in vari- 
ous salt marsh locations. Overall, our results showed that CO2 concentration ranging from 418.7 to 436.9 (ppm), which 
are slightly different in various chambers but are in good agreement with some heavy metal concentrations values in 
mudflat at or around the same location. The selected metal concentration values (ppm) ranging from 0.003 - 0.011 (As); 
0.001 - 0.005 (Cd); 0.04 - 0.02 (Cr); 0.13 - 0.38 (Cu); 0.11 - 0.38 (Pb); 0.0009 - 0.020 (Se); and 0.188 - 0.321 (Zn). The 
low dissolved oxygen (ppm) in the pore water sediment indicated suboxic environment. Additionally, CO2 (ppm) and 
loss on ignition (LOI) (%) correlated inversely; the higher CO2 content, the lower was the LOI (%); that is to say the 
excess CO2 causes higher rates of decomposition and therefore it leads to lower LOI (%) on the mudflat surface. It ap- 
pears that the elevated CO2 makes changes in salt marsh pore water chemistry for instance the free ionic metal (Cu2+, 
Pb2+, etc.) speciation is one of the most reactive form because simply assimilated by the non-decayed or alive organisms 
in sediment of salt marsh and/or in water. This means that CO2 not only is a sign of improvement in plant productivity, 
but also activates microbial decomposition through increases in dissolved organic carbon availability. CO2 also in- 
creases acidification processes such as anaerobic degradation of microorganism and oxidation of reduced components. 
The heavy metal concentrations in sediment samples were slightly higher in suboxic layer, yet it appears that salt marsh 
sediments in Salinas de San Pedro act like a sink for nutrient and carbon by maximizing carbon sequestration. 
 
Keywords: Biogeochemical Factors; Elevated CO2; Degassing; Gas Discharge; Fault; Sulfate Reduction; Salinas de 

San Pedro; Climate Change 

1. Introduction 

Developing an effective way to sequestrate carbon diox- 
ide (CO2) and other greenhouse gases has gained interest 
in the last two decades due to the worldwide concern 
about global climate changes. Therefore, wetland and salt 
marsh ecosystems have triggered interest due to the fact 
that they are a source for methane (CH4) and nitrous ox- 
ide (NO2) production carrying on a biologically active 
surface, and operating as greenhouse gas sink through  

photosynthetic absorbing and incorporating of CO2 and 
consequently storage in long-lasting biomass. The salt 
marsh biota trap sediment (mostly clay and silt) fine par- 
ticles, organic material, and trace metals, allowing large 
amount of plant growth. The accumulation of soil or- 
ganic carbon is primarily from plant yield and through 
microbial respiration [1] promoting microbiological re- 
actions causing the elevated atmospheric concentrations 
of CO2. The latter can stimulate sulfate reduction [2,3] 
along with changes in pore water concentrations of CH4 
and dissolved organic carbon in the grass dominated sys- *Corresponding author. 
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tem. 
According to Forster et al. [4], atmospheric CO2 con- 

centration has increased worldwide over the last 2 centu- 
ries due to anthropogenic activities. Some consequences 
include sea level rise and some changes in carbon cycling 
[5]. Moreover to mitigate the latter impact, the capture 
and storage of CO2 in carbon pools (sequestration) is 
possible by the buildup of biomass and soil organic mat- 
ter such as wetland and marshes [6]. In order to stay even 
with sea level rise [7], the salt marshes and wetlands 
should grow new soil and biologically active surface area; 
as a result the volume of soil will be increased and more 
organic carbon can be stored and sequestered. Carbon 
sequestration rate is estimated for tidal salt marsh 210 g 
CO2 m

−2·y−1, which this is per area volume much higher 
than northern peat land ecosystem [8]. 

There are few systematic studies on the chemistry and 
flux of CO2 from various sources in estuarine and coastal 
waters tidal salt marshes over a large salinity range. Natu- 
ral CO2 fluxes through degassing process from local fault 
line are significant in salt marsh ecology in tectonically 
active area such as southern CA, yet these fluxes has not 
been quantified [12]. Nevertheless, we need to differenti- 
ate the linkages between the elevated CO2 on mudflat 
surface due to microbial processes/responses, with gas 
discharge from local fault line. All things considered, the 
Salinas de San Pedro is a seriously impacted urban marsh 
located in San Pedro, California near Long Beach Harbor 
having these both unique conditions for research. For 
determining the sediment condition in this urban habitat 
of southern CA, sediment chemistry, toxicity, and ben- 
thic macrofaunal community condition (benthos) need to 
be evaluated. Barnett et al. [9] report that the southern 
CA urban coastal habitat has the greatest severity of im- 
pacts including inner/outer Los Angeles Harbor and Long 
Beach Harbors. Overall, southern California is an area of 
bigger and denser industrial, commercial, and population 
concentration. Barnett et al. [9] and Schiff et al. [10] 
state that southern California sediment and water con- 
taminants are more widespread and higher concentrated 
in compare to northern CA. Greater Los Angeles urban 
ecosystem provide habitat for diverse array of native and 
non native plants and animals. In this highly populated 
area the ecosystem responses to urbanization and pollu- 
tion across climatic and societal gradients; yet knowledge 
of ecosystem responses to urbanization and of the urban 
socioecosystems themselves is based, at present, on indi- 
vidual and often peculiar case studies [11]. 

Thus, the Salinas tidal flat habitat provides an attract- 
tive research project in metal and trace elements biogeo- 
chemistry in both low and high tide level conditions [12]. 
Here we measure CO2, CH4, LOI, DO, and heavy metal 
concentration in various salt marsh locations of the marsh.  

Our objectives were to 1) understand the link between 
total CO2 volume on salt marsh surface (including CO2 
emission from fault line and total organic carbon) and 
heavy metal concentration and speciation in salt marsh 
sediments and 2) analyze and interpret tidal marsh CO2 
and CH4 emission in the context of carbon sequestration 
rate and metal speciation. 

2. Materials and Methods 

2.1. Site Description 

The Salinas de San Pedro salt marsh is located in south-
ern part of Long Beach Harbor, in Los Angeles County, 
California, USA. The salt marsh was created in 1985 to 
restore missing shallow-bottom fish habitat. Our study 
area has a kidney shape; 3.75 acre (~15,175 m2) surface 
area; 1 - 2 m deep; soft bottom, which is enclosed on one 
end and is connected to the open ocean from other side. 
It represents a vital habitat for many responsive groups of 
macro and micro-organism such as the benthic bivalves. 
Salinas de San Pedro is a polyhaline salt marsh (salinity 
> 18‰) entirely manmade, which is anthropogenically 
impacted by severe manufacturing activities in the local 
harbor during the last 30 years (Figure 1) [12]. 

2.2. Analysis and Sampling 

To quantify soil organic carbon, 11 mud grab samples 
were collected from salt marsh in low tide (ebb) condi- 
tion in 2009 (Figure 1). The sediment sampling proce- 
dure was conducted according to EPA sediment sampling 
guideline and methods. In order to reduce water and  

 

 

Figure 1. Bulk sediment sampling location (red box) and 
CO2 sampling location (white circles). 
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moisture loss by twisting and compaction we used scoop 
samples (using hand shovel cylinder) to minimize water 
loss during bulk sediment sampling. Upon sampling, sam- 
ples were transported to the mud lab at California State 
University, Los Angeles for further analysis including 
LOI (%). We dried samples to a constant mass at 60˚C 
for 2 weeks and then weighed to determine bulk density 
(g·dry·mass/cm3). Subsamples dried sediments were ho- 
mogenized using a silicon mortar and pestle and subse- 
quently ground to a fine powder. The organic matter 
content of mud samples were determined as LOI (%) at 
450˚C for 12 hours and converted to organic carbon con- 
tent on a percent mass using Craft et al. method [13]. 

To measure the Net Ecosystem Respiration (NER) and 
to quantify degassed CO2 from fault line in Salinas de 
San Pedro salt marsh, we used EPA method 8021 [14] to 
measure NER as the net flux of CO2 using 10 ml dispos- 
able syringes equipped with stopcock to allow for gas 
sampling. Two head escape samples were collected in 15 
- 30 min interval for each chamber from six locations. 
Samples were transported on the same day of collected 
gas samples to the School of Earth and Environmental 
Sciences Lab, Chapman University, Orange, CA for CO2 
and CH4 analysis using gas chromatograph equipped with 
a flame ionization detector (SRI Instrument/1-mL sample 
loop, 100˚C column temperature/using GHG Standard = 
1 ppm CH4; 351 ppm CO2). Laboratory blank was ana- 
lyzed at the end of field gas sampling day along with five 
laboratory duplicates on June 13th, 2013. Laboratory du- 
plicates were performed by injecting a second aliquot 
from a field syringe sample into the GC instrument. The 
CO2 concentration values (ppm) showed good agreement 
between replicates. 

To measure the heavy metal concentration of mudflat 
sediments, another set of samples were taken in 2009, 
using a core sampling device to collect samples at depth 
of 0 - 10 and 10 - 20 cm. Each sample was analyzed on 
many parameters selectively after SW-846, 40 CFR Part 
136, EPA method. The chemical analysis of metals in- 
cluding (As, Cd, Cr, Cu, Pb, Se, and Zn) using Induc- 
tively Coupled Plasma Optical Emission spectrometry 
(ICP-OES/Optima 3000 XL-Perkin Elmer) at the Scripps 
Institution of Oceanography, UC, San Diego. Detailed 
information on the distribution and concentrations of these 
and additional chemicals were reported in previous pub- 
lication [12]. 

To measure physiochemical analysis including dissolved 
oxygen (DO), salinity we used YSI 550A device. We 
also measured pH, water temperature using pH-meter 
(Accumet-AP71) in ebb condition. All instruments were 
calibrated (2-point calibration) on daily basis, on site, be- 
fore every run using calibration standard solution (Fisher 
Scientific). Quality assurance (QA) and quality control  

(QC) were assessed using duplicates, method blanks and 
standard reference materials according to EPA standard. 

3. Results 

The CO2 measurement showed the CO2 concentration 
changes from 419 - 437 ppm with an average of 425 ppm 
or 0.01 mol/l (n = 10). Gas samples (GS) ranked by 
decreasing concentration value showed GS1 > GS4 > 
GS3 > GS2 > GS5. The gas sample chambers GS1 (437 
ppm) and GS4 (431 ppm) showed higher concentration 
of CO2 than other locations. GS2, GS3 and GS5 showed 
lower concentration (ppm) with 421, 423, and 418 ppm 
respectively. The correlation of CO2 (ppm) and LOI (%) 
was inversely significant at the 0.01 level (2-tailed) with 
correlation coefficient of r2 = 0.91. Hence, the lower was 
the CO2 concentration the higher was recorded the LOI 
(%) values. The CO2 and Cr concentration were correlated 
significantly; the higher was the CO2 (ppm) the higher 
was Cr concentration (r2 = 0.92). The CO2 concentration 
was moderately to weakly correlated with Pb (r2 = 0.60) 
and Zn (r2 = 0.51) and As (r2 = 0.49) (Figure 2). 

The mean percent of LOI (%) was very high at the sur- 
face in recently stored salt marsh. However, differences 
between sites locations varied by the sampling site and 
sediment grain size. In all sites, the highest LOI (%) was 
seen in very fine silt and mud fraction (closer to the sur- 
face; 0 - 10 cm) with 72% (SD = 4.5). Considering the 
entire lagoon and all sampling locations minimum and 
maximum values for organic content was recorded as 
64% to 79% respectively. The L4 and L5 samples showed 
the highest value (%) (LOI = 79% and LOI = 78%) and 
L4 sample showed lowest value [%] percent with LOI = 
75%. The sampling locations of salt marsh, where the gas 
samples were taken include L8, L9, L10, and L11. These 
sample locations ranked by decreasing percentage value 
L11 > L8 > L9 > L10 (Table 1). 

Net CH4 flux was negligible in all locations except 
near fault zone (5.5 ppm), which was recorded higher 
than the other locations further away from approximate 
gas discharge locations (Table 1). In this study we have 
collected CH4 but have not focused on the results, thus 
we will need to sample CH4 using more adequate device 
to catch larger amount of CH4 for the future study. 

As for heavy metals and metalloid concentration the 
results showed the highest concentration for Cu (0.325 - 
0135 ppm), Cr (0.214 - 0.041 ppm), Pb (0.388 - 0.115 
ppm), and Zn (0.32 - 0.18 ppm). Mean concentration 
rankings of sediments samples were in Cu > Zn > Pb > 
Cr > As > Cd > Se. We also compared the data from this 
study with the reference data from Carpenteria Marsh, 
CA, USA. Our study results showed higher concentration 
(ppm) for Cd, Cu, Cr, and Pb (Table 1). The results of 
Carpinteria marsh showed much higher concentration of  
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Figure 2. Correlation of various metals and LOI with CO2. 
 

Table 1. Metal concentrations [ppm] of highly urbanized Carpinteria marsh in CA after [22] is compared with this data from 
Salinas de San Pedro study. 

 L1 L2 L3 L4 L5 L6 MIN MAX SD AVER Carpinteria Marsh, CA

As 0.011 0.008 0.005 0.006 0.004 0.005 0.004 0.011 0.0026 0.007 0.0155 

Cd 0.004 0.002 0.002 0.002 0.003 0.001 0.001 0.004 0.0010 0.003 0.00044 

Cr 0.100 0.075 0.214 0.060 0.076 0.041 0.041 0.214 0.0616 0.095 0.053 

Cu 0.325 0.259 0.325 0.251 0.135 0.242 0.135 0.325 0.0696 0.257 0.078 

Pb 0.236 0.212 0.122 0.160 0.115 0.388 0.115 0.388 0.1016 0.206 0.087 

Se 0.0019 0.0019 0.020 0.005 0.0019 0.00019 0.00019 0.020 0.0065 0.0019 NA 

Zn 0.321 0.269 0.262 0.238 0.210 0.188 0.188 0.321 0.0470 0.248 0.273 

CO2 436 421 423 430 418 ND 418 436 7.37 426 NA 

LOI % 67 69 74 78 78 64 64 78 5 72 NA 

 
Zn in compare to Salinas de San Pedro. Table 1 also 
shows that sample L1 exhibits much higher Cu and Zn in 
compare to other locations (Cu > Zn > Pb > Cr > As > 
Cd > Se). Table 2 shows the correlation between differ- 

ent metals. Arsenic (As) showed a significant correlation 
at 0.01 level (2-tailed) with Cd (r2 = 0.99), Cr (r2 = 0.88), 
Cu (r2 = 0.99), and Pb (r2 = 0.95). Cd showed also sig- 
nificant correlation at 0.01 (2-tailed) with Cu (r2 = 0.99),  



Coupling between the Changes in CO2 Concentration and Sediment Biogeochemistry  
in Mudflat of Salinas de San Pedro, California, USA 

1177

 
Table 2. Correlation of various metals with each other. Correlation is significant at the 0.01 level (2-tailed)** and 0.05 level 
(2-tailed)*. 

 As Cd Cr Cu Pb Se Zn 

Pearson Correlation 1       

Sig. (2-tailed)        As 

N 7       

Pearson Correlation 0.998** 1      

Sig. (2-tailed) 0.000       Cd 

N 7 7      

Pearson Correlation 0.881** 0.851* 1     

Sig. (2-tailed) 0.009 0.015      Cr 

N 7 7 7     

Pearson Correlation 0.997** 0.992** 0.881** 1    

Sig. (2-tailed) 0.000 0.000 0.009     Cu 

N 7 7 7     

Pearson Correlation 0.953** 0.953** 0.858* 0.942** 1   

Sig. (2-tailed) 0.001 0.001 0.013 0.002    Pb 

N 7 7 7 7    

Pearson Correlation 0.821* 0.850* 0.547 0.793* 0.713 1  

Sig. (2-tailed) 0.024 0.015 0.204 0.033 0.072   Se 

N 7 7 7 7 7   

Pearson Correlation 0.716 0.744 0.462 0.687 0.562 0.975** 1 

Sig. (2-tailed) 0.070 0.055 0.296 0.088 0.189 0.000  Zn 

N 7 7 7 7 7 7 7 

**Correlation is significant at the 0.01 level (2-tailed); *Correlation is significant at the 0.05 level (2-tailed). 

 
and Pb (r2 = 0.95). Cr-Cu (r2 = 0.88) also showed sig- 
nificant correlation. Cr-Pb and Se-Zn showed a signifi- 
cant correlation at the 0.01 level (2 tailed) with r2 = 0.94 
and r2 = 0.97 respectively. There was no clear association 
among As, Pb, and Zn concentrations with CO2 in the 
Salinas de San Pedro mudflat (Figure 2) (Table 2). 

Temperature, pH, dissolved oxygen (DO), salinity moni- 
tored during the sampling events displayed only small 
differences between different locations, which were sta- 
tistically significant. Daily change of DO can be explained 
by photosynthesis and respiration. The pore water DO 
was recorded from range of 3 - 7 mg/l for all locations (n 
= 6), which was slightly higher in some location closer to 
ocean water entrance in the lagoon. The pore water tem- 
perature was measured with a digital thermometer (18.5˚C 
- 19.25˚C). Air temperature also was recorded with a 
range of 19˚C - 22˚C on sampling days and locations. 
Temperature reflects length and strength of exposing to 
the sunlight at daily time-scale. Temperature values were 
generally comparable at locations and time; some shown 
detectable thermal gradients because of the daily patterns 
with lower temperature early morning and higher tem- 
peratures during noon and after noon hours. The pH was 
very consistent among various locations with values gen- 
erally (average) between 7.21 and 7.51 throughout salt 

marsh. The pH remained around 7, suggesting the pres- 
ence of bicarbonates [ ] as a pH-buffer. 3

Average salinity values were recorded in pore water 
33.7‰ recorded during the lowest low tide level or ebb 
condition. In this condition the evaporation rate was 
slightly higher where sediments were exposed to the in- 
tense sunlight especially in summer. The results showed 
that there was a negative correlation between the pore 
water salinity and methane flux. Considering Salinas de 
San Pedro a polyhaline salt marsh (salinity > 18‰) the 
methane values were significantly lower and were con- 
sistent with prior works. 

HCO−

4. Discussion 

Microbial Activity and Carbon Dynamics 

The field data and results suggest that the excess CO2 in 
Salinas de San Pedro may a) due to the fault degassing 
process [12] and b) due to anaerobic respiration by bac- 
teria in which organic matter oxidize to form CO2 attrib- 
uting to anaerobic degradation of organic matter by mi- 
croorganisms. In order to understand their relationship 
we need first to know what the significant sources of 
CO2 input to a typical intertidal marsh are. A few possi- 
ble sources include pelagic respiration, benthic respire- 
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tion, and import of CO2 from the marshes, photodegrada- 
tion, and simple mixing of seawater with polluted local 
runoff (slightly acidic water) (Figure 3). 

As for the import of CO2 from the marshes, by exam- 
ining overall gas exchanges and evaluating them in the 
context of a mass-balance model, Cai et al. [15] provided 
a valuable comparison of neritic and pelagic O2 and CO2 
fluxes. Results indicate that respiratory activity in the 
marsh sediments and overlying water (at mud-water in- 
terference) during flood condition leaves a signal that is 
funneled back to the estuary during ebb tide. This can 
account for the estuarine gas concentrations and fluxes. 
In the other words, large CO2 emissions from salt-marsh 
sediments reported in low tide condition. In addition bot- 
tom resuspension may enhance the respiration rate as 
well [16] (Figure 3). 

High evaporation rate, water temperature, and intense 
biomass productivity, degradation, and the breakdown of 
organic matter caused O2 deficiency in pore waterlogged 
sediment and cause dinitrification converting nitrate to 
nitrogen gas. Suboxic environment indicates elevated CO2 
due to the low dissolved O2 in the pore water sediment. 
This will make changes in salt marsh water chemistry. 
That is to say, there is an enhancement in plankton yield, 
which more likely activates microbial decomposition by 
increasing dissolved organic carbon availability. Intense 
acidification processes including degradation of organic 
matter in an anaerobic condition and reduced compo- 
nents oxidation may be factors affecting the CO2 flux 
[17]. The acidification of sediments in mudflat may be 
caused by the oxidation of reduced sulfur compounds 
present in mudflat sediment [12]. This suggests an im- 
portant change at the mud-water interface in supply and 
partitioning of metals, i.e. discharge of them into the 
dissolved phase as a result of biogeochemical processes 
(Figure 3). CO2 saturation near surface sediment in mud- 
flat was recorded closer to the mouth of salt marsh (where 
the seawater enters and exits the marsh). Thus, we sug- 
gest that the fine grained mud is sufficiently rich in de- 
caying organic matter and microbial decomposition are 

responsible for entrapping or retaining the metal by chemi- 
cal complexes formation. In other words, organic debris, 
known to concentrate metals, may be the source for these 
metals. As it was stated before, CO2 (ppm) and LOI (%) 
correlate inversely (Figure 2). In brief, the higher is CO2 
content, the lower is the LOI (%); in other words, the 
excess CO2 may causes higher rates of decomposition 
and therefore it leads to lower soil organic matter on the 
mudflat surface. However, we would suggest there is 
anaerobic degradation of organic matter in subsurface 
that make the retention of heavy metals (such as Cu, Pb, 
and Zn) strongly; particularly, when the fraction of de- 
caying organic matter underneath is high. The major part 
of Cu, Pb, and Zn seems bond to the decayed organic 
matter. In the same way may complexation by organic 
matter would direct to a stable fixation state, leading to 
low mobility of metals. When plants are present, the 
metal bioavailability can change [18]. Overall, finer par- 
ticles show evidence of greater binding site density, and 
thus lower bioavailability [19], which may retain Cu, Pb, 
and Zn not only by adsorbing on decayed organic matter 
but also on metallic hydroxides, either by cation exchange 
[20] or by fixation on carbonates. In natural ecosystems, 
mainly in soil, chemical speciation of metals is depend- 
ing on numerous physico-chemical and/or biological pa- 
rameters, which can be subjected to wide variations. The 
chemical speciation of some elements or metals is de- 
fined as all the chemical forms/sorts of these elements or 
metals in a natural environment. Some ligands (inorganic 
or organic) are able to condition the speciation of these 
metals by the formation of more or less stable complexes. 
The toxicity of element is dependent on its speciation 
[21]. Equally important, the free ionic metal (Cu2+, Pb2+, 
etc.) speciation is one of the most reactive forms with the 
neutral species, because more easily assimilated by the 
non-decayed or alive organisms. The metal (Cu, Cd, Pb, 
Zn,) speciation is also dependent on a large number of 
physical and chemical parameters such as temperature, 
pressure, pH, ionic strength, concentrations in major ele- 
ments, complexing ligands. 

 

 

Figure 3. This figure shows a conceptual model of gas exchange in the salt marsh. This vertical profile shows the change of 
respiration rate from a large area of intertidal marsh (near open ocean), where environmental conditions support higher gas 
exchange rates into a much smaller surface area of the salt marsh where conditions support low rate of gas exchange rates. 
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To conclude, Salinas de San Pedro marsh plays a dual 

role in local marine environment since 1) it acts as a bio- 
logical pump for the ambient CO2, part of which may 
have been discharged from adjacent fault zone beneath 
the salt marsh and 2) it is a natural bed for microbial re- 
tention, uptake and fixation, and import of nitrogen-rich 
material in the salt marsh environment. Both could lead 
to speciation of metals and trace elements in salt marsh 
environment by biogeochemical processes. To understand 
and clarify these processes we recommend extending these 
preliminary results by analyzing C/N ratio in salt marsh 
sediment. 
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