
Old Dominion University Old Dominion University 

ODU Digital Commons ODU Digital Commons 

OES Faculty Publications Ocean & Earth Sciences 

2021 

Pore Water Exchange-Driven Inorganic Carbon Export From Pore Water Exchange-Driven Inorganic Carbon Export From 

Intertidal Salt Marshes Intertidal Salt Marshes 

Joeseph J. Tamborski 
Old Dominion University, jtambors@odu.edu 

Meagan Eagle 

Barret L. Kurylyk 

Kevin D. Kroeger 

Zhaoihui Aleck Wang 

See next page for additional authors 

Follow this and additional works at: https://digitalcommons.odu.edu/oeas_fac_pubs 

 Part of the Environmental Chemistry Commons, and the Oceanography and Atmospheric Sciences 

and Meteorology Commons 

Original Publication Citation Original Publication Citation 
Tamborski, J.J., Eagle, M., Kurylyk, B.L., Kroeger, K.D., Wang, Z.A., Henderson, P., Charette, M.A. (2021). 
Pore water exchange-driven inorganic carbon export from intertidal salt marshes. Limnology and 
Oceanography, 66 (5) 1774-1792. https://doi.org/10.1002/lno.11721 

This Article is brought to you for free and open access by the Ocean & Earth Sciences at ODU Digital Commons. It 
has been accepted for inclusion in OES Faculty Publications by an authorized administrator of ODU Digital 
Commons. For more information, please contact digitalcommons@odu.edu. 









determination were � ltered through 0.45- � m capsule � lters
into 250-mL borosilicate glass bottles following Wang
et al. (2016) for winter, summer and fall 2019 campaigns.
Tidal time-series data from 2015 and 2016 are publicly avail-
able, including tidal creek Ra and DIC concentrations (Mann
et al. 2019; Brooks et al. 2021) and were used to estimate DIC
� ux in Chu et al. (2018).

Sediment cores and pore waters were sampled from two
marsh hydrologic units (sites) during 2018 and 2019, with sta-
tions designated as creek, mid, and interior. These stations
were approximately 1.5, 7.5, and 14 m away from the creek
bank for marsh sites 1 and 2 (Fig. 1). Elevation at each station
was measured with a Trimble RTK-GPS system, with an eleva-
tion accuracy of 2 –3 cm, relative to the North American Verti-
cal Datum of 1988 (NAVD88). All stations were sampled for
sediment cores and pore water pro � les during winter 2018
(0–25 cm depths) and summer 2019 (site 1 = 0 –150 cm; site
2 = 0–80 cm; both to the peat-sand interface). Marsh site 1

creek and mid stations were additionally sampled during April
2019 (0–10 cm) and November 2019 (0 –150 cm). All stations
were sampled during moderately calm � eld conditions except
for the mid station at marsh site 2 during summer 2019,
which was sampled the day following a moderate precipita-
tion event (35.4 mm, 23 July 2019).

Sediment cores for 224Ra : 228Th analyses were collected
around low tide for all sampling dates. To prevent sediment
compaction, cores were collected using a stainless-steel
Russian Peat Borer (AMS, Inc.). This device cuts the core longi-
tudinally, resulting in a semicylindrical core. Thus, multiple
cores were collected from the same location to retrieve enough
mineral mass for radionuclide analyses. Cores were immedi-
ately sectioned in the � eld into 1-cm (0 –5 cm depth), 2-cm
(5–50 cm depth) or 3-cm (50 –150-cm depth) thick slices and
placed into individual containers for later processing.

Shallow pore waters (1 and 5 cm) were hand collected from
push-point sippers via syringe and � ltered (0.45 � m) with

Fig. 1. Sage Lot Pond, located within the Waquoit Bay National Estuarine Research Reserve (WBNERR), Massachusetts (A,B). Pore water and sediment
core sampling stations for marsh site 1 (red box; (C) and marsh site 2 (blue box; D) are depicted by white circles (a = creek; b = mid; c = interior). The
tidal creek mouth sampling location is depicted by a white triangle in panel ( C). The solid black lines represent the marsh drainage basins, and lidar eleva-
tion is indicated by color.
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sample volumes of 50–100 mL for Ra analyses and 1–3 mL for
DIC analyses; these shallow samples integrate over a maxi-
mum depth of � 2 cm assuming equal horizontal and vertical
hydraulic conductivity. Deeper pore waters were sampled from
a steel-tip push-point piezometer (MHE products) and
retrieved using a peristaltic pump at a flow rate of
< 0.1 L min−1; these deep samples integrate over a maximum
depth of� 6 cm. Groundwater samples from the sandy aquifer
unit beneath the marsh peat (� 145–175 cm) were collected
during summer and fall 2019. Deep pore water (≥ 10 cm) and
groundwater Ra isotope samples (� 0.25–4 L) were collected
from discrete depths (seasonally variable) and field-filtered
with 0.45-μm capsule filters. DIC samples were collected from
all depths; samples (3 mL) were collected without bubbles into
syringes, filtered on-site (0.20 μm), injected into helium
flushed 5-mL vials and immediately stored on ice.

Water samples
Pore water and groundwater DIC concentrations were ana-

lyzed using a CO2 coulometer (Dickson et al. 2007). Samples
were acidified with 20% H3PO4 to convert all inorganic carbon
species to CO2, stripped with a helium carrier gas, adsorbed by
an ethanolamine solution and titrated using thymolphalein as
an indicator. Certified reference materials for seawater DIC
(obtained from A. Dickson from the Scripps Institute of
Oceanography) were run at the beginning and end of each
analysis period, and after every 4–5 samples, to calibrate the
coulometer system. Measurement uncertainty is � 1–2%,
based on replicate reference material runs. Tidal creek DIC
samples were analyzed on a LiCOR Apollo system with an ana-
lytical precision of � 2.0 μmol kg−1, following the methods
outlined in Wang et al. (2016).

For radium analysis, water samples were slowly filtered
(< 0.5 L min−1) through MnO2-coated acrylic fibers, rinsed
with Ra-free Milli-Q water and partially dried. Anoxic pore
waters were oxidized by adding � 100 mL of sodium hypo-
chlorite to prevent the reduction of Mn bound to the acrylic
fiber. Samples were counted on a RaDeCC system to deter-
mine the initial 224Ra activity and � 25 d after collection to
determine the 224Ra activity supported by 228Th (Moore and
Arnold 1996). 223Ra is not discussed in this study. Upon com-
pletion, fibers were either ashed (tidal creek samples; 820�C
for 12 h) or dried (select pore water samples; 40�C for 24 h),
homogenized and placed in polystyrene counting vials and
sealed with epoxy for > 3 weeks to allow 222Rn to grow into
secular equilibrium. Samples were counted in a high-purity,
well-type Ge detector for 226Ra (352 keV) and 228Ra (911 keV).
Detectors were calibrated using NIST-certified reference mate-
rials of the same sample geometry.

Sediments
224Ra and 228Th in wet bulk sediments were determined fol-

lowing the procedure of Cai et al. (2012). In the laboratory,

Ra-free Milli-Q water was added to each sediment container to
form a slurry, stirred and ultrasonicated for � 10 min. Sev-
eral drops of concentrated NH3*H2O were added to change
the slurry pH to 8.0–9.0. Subsequently, 1.0 mL of KMnO4

(3.0 g L−1) and 1.0 mL of MnCl2 (8.0 g MnCl2*4H2O L−1)
were added to each slurry to form a MnO2 precipitate,
which adsorbs any dissolved 224Ra present in the interstitial
pore fluid or that would have desorbed from the slurry pro-
cedure. The sediment slurry was then vacuum-filtered onto
a pre-weighed 142-mm 0.7-μm glass microfiber filter. Filtra-
tion was stopped once water droplets were no longer
observed leaving the filter tubing, and often lasted for
20 min. Samples (≤ 30 g) were placed in individual counting
chambers and purged for � 10 min in an air stream (open
loop via RaDeCC pump) to reduce any excess moisture.
Water/sediment ratios generally matched in situ field condi-
tions (i.e., > 50%) and Rn emanation was not sensitive to
minor variations in moisture content. Sample moisture
levels were maintained between counting sessions by gently
spraying Ra-free Milli-Q water onto the sediment and stored
in a humid environment.

Samples were counted on a RaDeCC system to determine
the activity of surface exchangeable 224Ra and sediment-
bound 228Th present on particle surfaces and within the
sediment interstitial pore fluids (hereafter 224Ra and 228Th
activities) via Rn emanation. This is different from bulk 228Th
activities measured via alpha and gamma spectrometry, which
measures both near-surface and mineral lattice-bound 228Th
(and 224Ra) pools. Sediment samples were generally counted
within 8–12 h of collection to minimize the decay of the
initial 224Ra pool and subsequent ingrowth via 228Th decay.
Samples were re-measured � 8 and � 25 d after collection for
228Th determination when 224Ra would have grown into secu-
lar equilibrium with 228Th, while the decay of the initial 228Th
would be negligible (< 1%); 228Th activities were calculated as
the average of these two runs (Cai et al. 2015). Uncertainties
were determined from counting statistics and included correc-
tions for radioactive decay, chance coincidence counts, the
detector background, and the detector efficiency. Detector effi-
ciencies were determined by creating a replicate set of homo-
geneous marsh sediment standards (collected at marsh site
1 creek station), which were sequentially spiked with increas-
ing amounts of a 232Th tracer in equilibrium with 228Th
(50.41 dpm g−1; 0–40.33 dpm; n = 5; Cai et al. 2012).

Marsh sediments from the radiochemical analyses were
combusted in a muffle furnace at 450�C for 24 h and sediment
loss-on-ignition was calculated from weight loss. Post-
combustion dry mineral mass was used to determine 224Ra
and 228Th activities (dpm g−1 dry mineral mass). Bulk density
was calculated from loss-on-ignition measurements based on
the mixing model of Morris et al. (2016). A subset of each core
section was weighed and dried in an oven at 40�C overnight,
and porosity was calculated from weight loss.
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