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Abstract Floodplains of large alluvial rivers modulate the composition of riverine organic carbon
(OC) and control OC oxidative loss, constituting a critical component in the global river-atmosphere-
ocean carbon cycle. Therefore, anthropogenic management disconnecting rivers from their floodplains
is expected to reduce the oxidative loss and to change the quality and quantity of riverine OC exported to
the ocean. Here, we test this idea by combining two chronometers—'*C age spectra of OC and optically
stimulated luminescence ages of quartz—to interrogate sediments of the Lower Mississippi River (LMR)
system to constrain the anthropogenic effects on carbon cycling in a continental-scale sediment routing
system. The "*C age of the LMR OC has been reduced from >5,000 yr in prehistoric sediments to <3,000 yr
in historic and modern sediments with significantly narrowed age spectrum width, following centuries
of embanking the LMR. Bank stabilization reduced the river-floodplain sediment exchange by ~90%,
effectively cutting off older floodplain OC from the river and reducing OC residence time in the severely
truncated floodplain system, and expedited the downstream transmission of OC. The reduced residence
time will have decreased riverine OC loss and enhanced younger OC delivery to marine sediments. We
estimate that the oxidative loss of the LMR OC has been reduced by > 1.1 Tg C/yr or 40%. Extrapolation
to other large rivers that have undergone anthropogenic changes similar to the LMR illustrates that

this process likely represents a carbon sink that can significantly increase if currently free-flowing large
tropical rivers are embanked in the future.

Plain Language Summary Rivers play a key role in the global carbon cycle by releasing
carbon dioxide to the atmosphere and controlling carbon transmission from land to ocean. How the
carbon cycle has been affected by engineering activities that have fundamentally changed natural riverine
processes is unclear. Using the Lower Mississippi River (LMR) as an example, we demonstrate that bank
stabilization, which allows water and sediment to shoot through the river system directly into the ocean
without interactions with the floodplain, can reduce river-floodplain organic carbon exchange by 90%.
Consequently, carbon transport is expedited through such river systems, which decreases the amount

of organic matter that is converted to CO, and, rather, increases its delivery to seafloor sediments. The
loss of carbon from the LMR has been reduced by > 40% or 1.1 Tg C per year due to river embankment,
suggesting a significant human-caused shift in river-atmosphere-ocean carbon cycling that may occur in
other large rivers as well.

1. Introduction

Rivers play an essential role in the global carbon cycle by exporting ~1 Pg C/yr (1 Pg = 10" g) from land
to ocean, outgassing ~1.1 Pg C/yr into the atmosphere, and storing ~0.6 Pg C/yr in lakes and reservoirs
along their pathways in modern time (Aufdenkampe et al., 2011; Battin et al., 2009; Regnier et al., 2013;
Tranvik et al., 2009). Organic carbon (OC) constitutes about half of the riverine carbon reaching the ocean
as dissolved and particulate OC (DOC and POC, respectively). In ocean margins, POC dominates the buried
terrestrial OC but with highly variable burial efficiency, ranging from <1% to nearly 100%, depending on its
reactivity and integrated oxygen-exposure time, and broadly scaling with sediment accretion rate (Blair &
Aller, 2012; Burdige, 2007). The burial of terrestrial OC in marine sediments is related primarily to sedimen-
tation from large river systems (Burdige, 2005). River-ocean transfer of OC is a crucial process sequestering
carbon from short-lived reservoirs, such as biomass and soils, into the reservoirs represented by marine
sediments over geologic timescales (Berner, 1982).
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Riverine OC is a mixture of inputs from various sources that include highly refractory petrogenic carbon
(OCpeiro) that is devoid of 4C and soil organic carbon (OCq,;) ranging in age from contemporary to thousands
of years (Blair & Aller, 2012; Chaopricha & Marin-Spiotta, 2014). Small, mountainous rivers generally incor-
porate a bimodal distribution of contemporary OCyy; and OCpey, that is rapidly transported to the ocean (Blair
& Aller, 2012; Milliman & Syvitski, 1992). In contrast, large, integrative river systems on passive margins can
exhume large sources of aged OC,,; as they meander through expansive floodplains, allowing rivers to po-
tentially liberate large quantities of OC locked away from the atmosphere for millennia. Floodplains in their
pristine states affect river CO, outgassing (Scheingross et al., 2019) and regulate the composition of riverine
OC exported to the ocean (Blair & Aller, 2012). However, the natural processes of OC exchange between rivers
and floodplains and their effect on the carbon cycle remain poorly understood and mostly unaccounted for
(Battin et al., 2009; Regnier et al., 2013), as is the role of interim OC storage in floodplains despite the large area
they cover and the significant amounts of OC that are stored (Sutfin et al., 2016).

River systems have cradled human civilization for millennia and thus have been affected by prolonged an-
thropogenic activities, including land-use changes for agriculture (Klein Goldewijk et al., 2017) and, more
recently, the accelerated introduction of river engineering through damming, embankment, and bank stabi-
lization (Meybeck, 2003). These activities have changed the quantity of sediments routed to ocean margins
(Syvitski et al., 2005), but understanding their impact on river-atmosphere-ocean carbon cycling remains
a challenging issue (Bianchi & Allison, 2009). Agriculture-induced soil erosion increases the riverine OC
flux (Regnier et al., 2013) and may have rendered this process a net carbon sink (S. V. Smith et al., 2001;
Stallard, 1998; Van Oost et al., 2007). Damming alone has reduced the OC traveling through rivers to the
oceans by ~13% due to burial and remineralization in reservoirs; this reduction is anticipated to approach
19% in the coming decade (Maavara et al., 2017). In large systems such as the Mississippi River, decreases in
riverine OC transport due to land use and hydrographic changes have been observed (Bianchi et al., 2015).
Furthermore, artificial levees and bank stabilization have largely disconnected the river from its floodplain
(Meade & Moody, 2010). Overall, there is clear evidence that anthropogenic activities perturb riverine OC
cycling. However, the effects of such changes on the composition, pathway, and cycling of riverine OC are
not well quantified, even if conceptually expected to occur in altered river basins.

The apparent age distributions of OC, constrained by various separation methods of OC for radiocarbon dat-
ing in modern rivers, have been used to unravel the composition, sources, and transport pathways of OC (Alin
et al., 2008; Galy et al., 2007; Gonli et al., 2014; Gordon & Goiii, 2003; Hedges et al., 1986; Hilton et al., 2015;
Raymond & Bauer, 2001; Rosenheim & Galy, 2012; Rosenheim et al., 2013a; E. K. Williams et al., 2015). A
recent study of a global data set of ~1,200 "“C measurements revealed that the ages of present-day riverine OC
range from modern to >20,000 '*C yr (Marwick et al., 2015), demonstrating distinct spatial variability related
to geologic (Leithold et al., 2006), hydrologic (Dalzell et al., 2007), climatic (Hilton et al., 2015), and anthropo-
genic (Longworth et al., 2007) controls. It has also been shown through compound-specific isotope methods
that the ages and composition of OC vary temporally (Giosan et al., 2017; Schefuf3 et al., 2016).

In this study, we combine Ramped Pyrolysis Oxidation (RPO) "*C analysis (Rosenheim et al., 2008) of OC
with optically stimulated luminescence (OSL) dating of quartz grains to investigate independently dated
1C age spectra of OC transmitted through the Lower Mississippi River (LMR) over the past ~1,000 years.
Hence, we isolate temporal changes in the composition and pathway of OC in a continental-scale river
system to elucidate the role of floodplains in carbon cycling, to examine the anthropogenic perturbations
herein, and to discuss the significance of these findings for the global carbon cycle.

2. Study Area and Methods
2.1. The Mississippi River and Anthropogenic Changes

The Mississippi River drainage basin covers ~41% of the continental United States (Figure 1) and is mostly
underlain by Phanerozoic sedimentary bedrock. The LMR runs through the ~30-100 km wide alluvial
valley downstream of Cairo, Illinois (Figure 1), and receives its sediment and water inputs primarily from
the Missouri and Ohio rivers, respectively (Meade & Moody, 2010). The bulk OC derived from the Missouri
River mainly originates from erosion of grassland soils, whereas OC from the Ohio River consists mostly of
woody materials (Bianchi, Wysocki, et al., 2007; Kendall et al., 2001). Migration and avulsion, the abrupt,
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Figure 2. Inherited age of OC and major anthropogenic perturbations of the Lower Mississippi River. (a) Temporal
evolution of OC mean inherited age (filled symbols), age spectra (open symbols), and 8'°C over the past millennium.
The dashed lines and arrows sketch the maximum width of the age spectra of prehistoric and modern samples,
respectively. Crosses indicate samples with *C ages younger than 1950 CE for which maximum inherited ages were
used. Note that no 8"°C values from White (2017). (b) Nuclear weapons testing started in 1945, peaked in 1962, and
ceased after 1980. History of major river engineering through artificial levees, cutoffs, groins, and bank revetments
for a ~450 km segment between the confluences of the Arkansas and Red rivers (Meade & Moody, 2010; L. M. Smith
& Winkley, 1996), and percentage of cultivated area within the Mississippi River drainage basin (Klein Goldewijk

et al., 2017).

natural abandonment of an old river course for a new one, of the pristine LMR are mainly responsible for
constructing its Holocene floodplain (Figure 1) (Saucier, 1994). The most downstream portion of the LMR
resides in the Mississippi Delta that consists of five well-studied subdeltas formed by repeated avulsion of
the lowermost LMR during the past ~6,000 years (Hijma et al., 2017).

Profound anthropogenic changes for agriculture, flood management, and river navigation have been made
in the Mississippi River drainage basin during the past two centuries (Alexander et al., 2012; Harmar & Clif-
ford, 2007; L. M. Smith & Winkley, 1996). The cultivated area expanded rapidly from ~1% of the drainage
basin at the beginning of the 19th century to ~40% during the first half of the 20th century (Klein Goldewijk
et al., 2017) (Figure 2), which resulted in a substantial increase in soil erosion during this period (Bennett
& Chapline, 1928). Conversely, ensuing soil conservation practices drastically decreased erosion after the
1940s (Trimble, 1999). In the LMR, the change in the suspended sediment load related to the increase of soil
erosion is not well quantified, but the load has been substantially reduced by damming. The construction
of dams and reservoirs along tributaries of the LMR is mainly responsible for the decrease of its suspended
sediment load from ~400-500 x 10° t/yr before the 1950s to ~150 x 10° t/yr today (Allison et al., 2000; Blum

Figure 1. The Lower Mississippi River (LMR) and its major geographic features. (a) The Mississippi River drainage basin. (b)
The extent of Holocene and Pleistocene floodplains depicted after Saucier (1994); artificial levees are from the National Levee
Database (http://nld.usace.army.mil/). Note that the artificial levees on both banks of the downstream portion of the LMR are
located immediately adjacent to the channel. The oxbow lake samples are from Bianchi et al. (2015), the suspended sediment
samples are from Rosenheim et al. (2013a) for "“C spectra and Gordon and Gofii (2003) for bulk '“C, and the late Holocene
deltaic samples are from White (2017). For reference, river distance from Head of Passes is marked at multiple locations.

(c and d) Digital elevation models of the Mississippi Delta study areas that contain (c) one historic sample and (d) three
prehistoric samples. Crosses indicate core locations used to establish sedimentary architecture (Figure S1).
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& Roberts, 2009; Meade & Moody, 2010; Sanks et al., 2020). Despite variability in sediment and soil delivery
to the river, the LMR largely migrated naturally, exchanging sediments between the channel and floodplain
during the early 20th century (Hudson & Kesel, 2000). However, the present-day LMR is constrained to
an embanked floodplain ~5 km wide on average after centuries of engineering modifications (Figure 1).
Artificial levees along the LMR were first constructed in the early 1700s and have grown higher and wider
in a positive feedback loop with increasing flood magnitude (Munoz et al., 2018). Bank revetment by in-
stalling wooden or concrete erosion protections on the river-facing levee slope was introduced in the early
20th century to prevent bank caving and lateral migration of the LMR. The migration has been further con-
strained to maintain a stable navigation channel by a combination of dredging, cutoffs made in the 1930s
to 1950s, and groins built after the 1950s (Meade & Moody, 2010; L. M. Smith & Winkley, 1996) (Figure 2).

2.2. Methods

OC age spectra of four late Holocene sediment samples from the Mississippi Delta were compared with
historic to modern sedimentary OC to investigate the change of age spectra over the past ~1,000 years. The
historic and modern OC data set consists of five sediment samples from an oxbow lake that was created
in 1937 by a controlled neck cutoff of the LMR (Bianchi et al., 2015) and suspended sediments from near
the mouth of the LMR (Rosenheim et al., 2013a) (Figure 1). Previously reported bulk 4c ages of modern
suspended sediments (Gordon & Goni, 2003) and late Holocene deltaic sediments in the Mississippi Delta
(White, 2017) (Figure 1, Text S1, Tables S1 and S2) were also included in this comparison.

The late Holocene sediment cores were taken from two study areas, Cubits Gap and Napoleonville (Figures 1c
and 1d), both reported to have sediment accretion rates on the order of centimeters per year (Esposito et al., 2013;
Shen et al., 2015). These cores sampled many of the clastic depositional settings of the Mississippi Delta, includ-
ing mouth bar, natural levee, crevasse splay, and flood-basin. Rapid OC burial below the local groundwater table
at these sites is expected to limit their postdepositional oxidative loss, including transformation of the "C age
spectrum (Vetter et al., 2017). Thus, our focus on rapidly accreted deltaic deposits is vital because they likely most
closely preserve the original *C age spectra at the time of deposition. OSL dating was used to measure the timing
of deposition, and RPO e analysis (Rosenheim et al., 2008) was used to determine the associated OC age spec-
tra; the latter were subsequently used to calculate the weighted mean "C content of each sample (Rosenheim
et al,, 2013a, 2013b). The **C ages were calibrated with the IntCal20 calibration curve (Reimer et al., 2020) using
the OxCal 4.4 program (Bronk Ramsey, 2009) prior to subtraction of the deposit ages to obtain inherited ages,
that is, the age of OC at the time of deposition. Calibrated "*C and OSL ages are reported with respect to 2010 CE.

To investigate the role of the floodplain in regulating OC composition and transmission pathways, as well
as the anthropogenic impacts on these processes, we measured floodplain-to-river sediment fluxes for both
the pristine and the embanked LMR.

2.2.1. Field Methods

The stratigraphy in the two study areas was investigated by means of sediment cores taken with a hand-op-
erated Edelman auger and a gouge. An Eijkelkamp liner sampler, consisting of a metal cylinder and a
plastic liner, was used for taking samples for OSL and RPO '*C analysis (Shen et al., 2015). The Cubits Gap
study area includes a historic bayhead delta (Figure 1c), and samples taken from very fine sandy facies inter-
preted as mouth-bar deposits (Figure S1) in two replicate cores at site CG I were used for OSL and RPO '*C
analysis, respectively. The Napoleonville study area (Figure 1d) features clayey to sandy facies interpreted
as prehistoric overbank deposits representing natural-levee, crevasse-splay, and flood-basin deposits (Fig-
ure S1). Paired OSL and RPO "*C analyses were performed at three sites (NV I, NV II, and EF III) in this area.

2.2.2. Optically Stimulated Luminescence Dating

The OSL samples were processed in a dark room to extract 4-11 um (NV I-3a) or 75-125 um (NV II-4a,
EF IlI-1a, and CG I-1a) quartz grains (Table 1), following established procedures (Mauz et al., 2002). OSL
dating instruments and the measurement protocol, data processing, and results were reported in an earlier
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Table 1
OSL Dating Results

Sample dosmic Grain
Lab depth 8y *Th K,0 Water (Gy size OD

OSL sample® code  (cm) (ngg™*  (ugg™) (ngg™)  comtent  Kyr')*  (um)* n° (%) De(Gy) Age (yr)f
Cubits Gap I-1a LV775 206-216 399 £0.08 9.77+0.14 1.73x0.05 0.32 +0.05 0.16 75-125 32 108 0.20 = 0.02 78 £9
Napoleonville I-3a  LV639  420-435 4.04 £0.10 12.75+0.27 220+ 0.05 0.39 £0.05 0.11 4-11 12 4 2.31 £ 0.05 840 + 30
Napoleonville II-4a  LV653  820-830 299 +0.08 848 +0.20 1.92+0.05 0.27 £0.05 0.06 75-125 24 8 2.60 £ 0.08 1,100 £ 70
Elmfield III-1a LV654 415-425 3.35+0.09 10.56 £0.23 1.77 £0.05 0.24 = 0.05 0.11 75-125 38 30 3.09 £ 0.11 1,190 + 80

*Samples Napoleonville (NV) I-3a, II-4a, and Elmfield (EF) III-1a are from a previous publication (Shen et al., 2015). Note that paired OSL and RPO 'C samples
(Table 2) at each site are named with suffix a, b, ¢, d, e, and f, respectively. "Uncertainties are reported at the 1o level throughout the table. “Cosmogenic dose
rate. “Size of quartz grains used for OSL measurement. “Number of accepted aliquots included in the age calculation. fOverdispersion parameter characterizing
the dispersion of measured dose distribution for a sample. #All results are reported as ages before 2010 CE.

study (Shen et al., 2015), except for the sample at the historic site (CG-1a). For CG I-1a, an early background
subtraction technique (Chamberlain et al., 2018; Cunningham & Wallinga, 2010) (signal integrated over
0.64-1.76 s of an OSL decay curve serving as background) was used, whereas a late background subtraction
(signal integrated over 32.16-40 s for background) was employed for the other three samples. The approach
adopted for CG I-1a is based on a study indicating that early background subtraction results in higher
accuracy for decadal-age samples from the Mississippi Delta (Shen & Mauz, 2012). Uncertainties in OSL
dating originate from counting uncertainties of luminescence and gamma spectrometry measurements,
water content variability of the deposits, and uncertainty in cosmic radiation received by the deposits. These
uncertainties were accounted for following standard error propagation methods (Galbraith & Roberts, 2012;
Shen et al., 2015).

2.2.3. Ramped Pyrolysis Oxidation *C Analysis

RPO "C analysis discretized **C of acid-insoluble OC according to the thermochemical stability of OC by
pyrolyzing a sample to progressively higher temperature and rapidly oxidizing the pyrolysates to CO, for
collection and analysis (Rosenheim et al., 2008). Recently biosynthesized OC tends to have lower thermo-
chemical stability in comparison to aged OC. Therefore, this method is useful for investigating the composi-
tion and source of OC with mixed ages, typical of riverine OC (Rosenheim & Galy, 2012; Rosenheim et al.,
2013a; E. K. Williams et al., 2015).

RPO *C samples were pretreated to remove carbonates with 1 N HCI for several hours and rinsed back to
neutral pH with deionized water. Samples were then dried and pulverized. Aliquots of 100-400 mg, depend-
ing on the OC content of the sediment, were weighed into precombusted (525°C for 4 h) quartz reactors
between precombusted (525°C for 4 h) layers of quartz wool. Reactor inserts were locked into the quartz
pyrolysis/combustion reactors and heated at 5°C per minute from ambient temperature to 1000°C. Volatil-
ized pyrolysis products were entrained in a He flow and transported into an oxidation reactor (with CuO,
Ni, and Pt catalysts) at 800°C to produce CO,, water, and other noncarbon bearing products of sequential
pyrolysis/combustion at continuous temperature intervals. Subsequently, CO, was measured in an infrared
gas analyzer and trapped for purification and quantification in a vacuum separations line and ultimately
sealed into a borosilicate glass ampoule with copper oxide and silver wire for redundant combustion at
525°C for 2 h.

Samples were analyzed for '*C content at the National Ocean Sciences Accelerator Mass Spectrometer
(NOSAMS) facility at the Woods Hole Oceanographic Institution. The '*C measurements were corrected
for blank contamination related to the procedure of RPO preparation (Fernandez et al., 2014; Venturelli
et al., 2020; Figure S2; Table S3). The analytical uncertainty of '*C data was reported by NOSAMS (https://
www.whoi.edu/nosams/radiocarbon-data-calculations) and standard error propagation was followed for
processing the RPO "C data.
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600 400 200 0 prior to the artificial cutoff that shortened the river. The 645, 1,055, and

1,880 pre-cutoff river km correspond to about 510, 830, and 1,485 river

km from Head of Passes along the present LMR in Figure 1). Channel

migration farther downstream was minimal due to the cohesive nature of

2019 using Landsat imagery available from the United States Geological prodelta clays comprising the banks and levees (Kolb, 1962), and there-
Survey EarthExplorer (https://earthexplorer.usgs.gov/). The inset shows a fore not considered here. Assuming that the maximum migration rate of
histogram of all rates obtained.

a meander bend occurs at its apex and minimum migration at the inflec-

tion point, the mean migration rate along an individual meander bend

is approximated by half of the apex value. Therefore, the mean lateral
migration rate of the LMR was taken as 19 + 3 m/yr (r7) for segment L; and 30 = 6 m/yr (r,) for segment L,.
With a mean thalweg (the deepest part of the channel) depth with a 95% confidence interval being 26 + 1 m
(Figure S3), the sediment flux by bank caving due to migration of the pristine LMR (V7) is calculated as:

Vi = DLy + DLyr, (€Y)

where L; and L, are the river lengths defined above, D is the mean thalweg depth, and r; and r, are the mean
lateral migration rates indexed to the two river lengths defined above.

Landsat imagery taken in the 1970s and 2019 was obtained from the United States Geological Survey Earth-
Explorer (https://earthexplorer.usgs.gov/) and analyzed to quantify lateral migration of the embanked LMR
(Text S2). The mean lateral migration rate of the LMR, with a 95% confidence interval, is 1.69 + 0.03 m/yr
during this time period (Figure 3). The volume of sediment produced by bank caving due to migration of
the embanked LMR (V) is calculated as:

V, = DLr, ©)

where L is the length of the 2019 LMR centerline (1,485 km), and r; is the mean lateral migration rate of
the embanked LMR.

3. Age Spectra of Lower Mississippi River Organic Carbon

The three prehistoric samples at Napoleonville were OSL dated to 840 + 30, 1,100 + 70, and 1,190 + 80 yr,
respectively (Shen et al., 2015) (Table 1). Their mean OC ages are significantly older, ranging between 5,700
and 10,500 yr, corresponding to inherited mean ages (calibrated '*C age minus OSL-derived depositional
age) of 5,000-9,000 yr (Figure 2; Table 2). The mean OC ages correspond well to recently reported bulk **C
ages of late Holocene Mississippi Delta sediments (White, 2017) (Figure 2). The age spectra of the prehis-
toric samples show a carbon pool with inherited ages >2,000 yr at the low-temperature end of OC pyrolysis
and another pool with inherited ages of >6,500 yr at the high-temperature end. The sandy prehistoric sam-
ple has the oldest age spectrum with an inherited age >12,000 yr at the high-temperature end. The historic
mouth-bar sand sample at Cubits Gap was OSL dated to 78 + 9 yr and its OC has an inherited mean age
of ~2,200 yr, that is, significantly younger than those of the prehistoric samples, but comparable to the
inherited mean OC ages of independently dated LMR oxbow-lake deposits (Bianchi et al., 2015) as well as
modern LMR sediments (Gordon & Goni, 2003; Rosenheim et al., 2013a) (Figure 2). The age spectrum of
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Table 2
Ramped Pyrolysis Oxidization (RPO) "C Dating Results
OSL age (yr before Maximum Lab code OC age **c yr  Calibrated OC age (yr ~ Inherited OC
14C sample® 2010 CE) pyrolysis T(°C)  (NOSAMS) BP)° before 2010 CE)° age (yr)° 8"C (%.VPDB)
Cubits Gap I-1b 78 +£9 345 0S-132456 310 + 30 430 + 60 350 + 60 =212
Cubits Gap I-1c 381 0S-132457 1,380 + 35 1,370 £+ 30 1,290 + 30 —23.58
Cubits Gap I-1d 419 0S-132458 2,480 + 35 2,660 + 105 2,580 + 105 —23.23
Cubits Gap I-1e 499 0S-132459 2,740 + 45 2,880 £+ 50 2,805 + 50 —24.58
Cubits Gap I-1f 695 0S-132460 6,050 £+ 80 7,030 + 180 6,950 + 180 —24.60
2,180 + 20 2,270 £ 90 2,195 + 90 —24.22
Napoleonville I-3b 840 + 30 334 0S-107751 2,730 £ 50 2,875 £ 50 2,035+ 55 —25.59
Napoleonville I-3¢c 406 0S-107737 4,240 = 50 4,815 + 105 3,975 £ 110 —23.97
Napoleonville I-3d 473 0S-107738 5,680 + 70 6,505 £ 110 5,665 + 115 —22.98
Napoleonville I-3e 578 0S-107739 6,310 + 100 7,285 £ 190 6,445 + 195 —23.43
Napoleonville I-3f 840 0S-108069 7,410 £ 240 8,255 + 230 7,415 £+ 230 —23.15
4,860 + 110 5,660 + 130 4,820 + 130 —-23.75
Napoleonville II-4b 1,100 £+ 70 307 0S-105660 3,910 + 120 4,395 + 185 3,295 + 195 —27.51
Napoleonville IT-4c 389 0S-105454 4,460 + 45 5,190 £ 150 4,090 + 165 —27.07
Napoleonville IT-4d 436 0S-105551 6,650 + 60 7,590 £ 50 6,490 + 85 —25.00
Napoleonville II-4e 509 0S-105554 6,550 + 60 7,550 £ 70 6,450 + 100 —26.12
Napoleonville II-4f 735 0S-105661 6,730 + 100 7,650 £ 85 6,550 £ 110 —25.05
5,720 + 80 6,580 + 110 5,480 + 130 —25.98
Elmfield ITI-1b 1,190 + 80 349 0S-105662 5,150 + 100 5,985 + 180 4,795 + 195 —26.88
Elmfield III-1c 409 0S-105663 8,370 £ 160 9,420 £ 170 8,230 £+ 185 =525
Elmfield III-1d 456 0S-105664 11,770 = 280 13,740 £ 335 12,550 + 345 —25.88
Elmfield ITI-1e 562 0S-105665 10,980 + 210 12,980 + 165 11,790 + 185 —26.04
Elmfield ITI-1f 801 0S-105994 13,490 £+ 530 16,360 £+ 770 15,170 = 770 —24.70
9,280 + 160 10,515 + 205 9,325 + 220 —25.79

*Uncertainties are reported at the 1o level throughout the table. Each sample was discretized to five "*C samples of continuous temperature intervals by RPO.
Note that paired OSL (Table 1) and discretized L@ samples at each site are named with suffix a, b, ¢, d, e, and {, respectively. See Figure S2 for information about
the correction of reported **C values for blank contamination during RPO preparation. *Bold numbers are ages calculated from weighted arithmetic means of
1C content of discretized RPO samples. “The calibrated '*C ages are reported as central value + half range of the 1o confidence interval of the calibrated **C

data.

the historic sample shows a low-temperature carbon pool with an inherited age of ~350 yr (Figure 2), indi-
cating a significant contribution of recent carbon fixation (Rosenheim et al., 2013a), and a high-temperature
carbon pool with an inherited age of ~6,900 yr. Such a young low-temperature carbon pool is absent from
the prehistoric samples, but persists in younger deposits, except for the two pre-1950 oxbow-lake deposits.
In contrast, the high-temperature carbon pool is comparable in age to those of the prehistoric samples but
not evident in the two youngest oxbow lake sediments or in the modern samples (Figure 2).

We reconstructed the change of the age spectra of OC transported through the LMR over the past ~1,000
years by comparing the new data presented here with the oxbow lake and modern river data (Bianchi
et al., 2015; Rosenheim et al., 2013a). Over this period, both the mean inherited OC age and the width of
the age spectrum show a marked decrease (Figure 2). The decrease is the result of the loss of a relatively
refractory OC pool at the high-temperature end of OC pyrolysis with inherited ages >6,500 yr, and the en-
richment of an OC pool at the low-temperature end of OC pyrolysis with inherited ages <1,000 yr. OC §"*C
values show little systematic variability and no temporal trend, consistent with mixing of OC sources with
a distinct 8"*C signal in the LMR (Bianchi et al., 2015; Rosenheim et al., 2013a).
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4. Discussion
4.1. Causes of Organic Carbon Change in the Lower Mississippi River

Compared to smaller, active margin river basins (Rosenheim & Galy, 2012), OC in the modern LMR system
responds only subtly to changes in flow regime and changes in discharge source (Gordon & Goii, 2003;
Rosenheim et al., 2013a). The self-stabilizing behavior of large, passive-margin rivers can be expected due
to the integrative nature of OC incorporation, storage, and transfer in vast floodplains (Blair & Aller, 2012;
Rosenheim et al., 2013a). Over short timescales (storms and seasons) that mark carbon transport variability
in small mountainous rivers (Milliman & Syvitski, 1992; Rosenheim & Galy, 2012), this represents a con-
siderable stasis in carbon cycling of pristine passive margin rivers despite the changes in cross-sectional
geometry, transport patterns, and disruption to floodplain ecology that mark high discharge events. On the
other hand, large rivers have attracted concentrated human activity, including river engineering for flood
control, agriculture, and other forms of water management. Thus, despite the pristine system stasis deriving
from their large and integrative nature, large passive margin rivers are far from immune from the effects of
human civilization over the last millennia, and especially the last century.

The organic matter associated with minerals of different size fractions may originate from diverse sourc-
es and often has varying ages (Alin et al., 2008; Bianchi, Galler, et al., 2007; Goiii et al., 2014; Gordon &
Gotii, 2003). Therefore, composition and age variability of sedimentary OC in the Mississippi Delta may
arise from hydraulic sorting during deposition. This is evidenced by the relatively large variability of the
inherited ages, particularly at the high-temperature end of the age spectrum, among our three prehistoric
samples and the four samples from White (2017) (Figure 2), as the texture of these samples varies from
clay to sand. Nevertheless, the inherited ages of the prehistoric samples are all significantly older than the
modern OC (Figure 2), suggesting that the decrease of the inherited OC age is independent of sediment
type and location.

Engineering changes have caused local to regional bed degradation in the LMR and its tributaries. Dams
constructed along the Missouri and Arkansas rivers during the 1950s and 1960s led to downstream bed
degradation and bank erosion (G. P. Williams & Wolman, 1984). The artificial cutoffs in the 1930s to 1950s
caused bed degradation in the middle part of the LMR (Harmar, 2004). Bank stabilization also prompted
erosion of mid-Holocene peat beds and Pleistocene sediments in the lowermost reach of the LMR (Galler
et al., 2003). Bed degradation is expected to release relatively old OC that would have increased the *C age
of the modern LMR OC, which is not supported by our data (Figure 2). This suggests that the OC released
by bed degradation is likely insignificant compared to the OC load of the LMR.

OC in the modern LMR is derived primarily from OCg,; in its drainage basin (Bianchi et al., 2015; Duan
et al., 2007; Goii et al., 1997; Gordon & Goiii, 2003; Onstad et al., 2000). Both topsoil erosion and gully ero-
sion increased dramatically between the 1800s and 1940s due to the expansion of the cultivated area in the
drainage basin (Bennett & Chapline, 1928). The eroded topsoil could be a major source of relatively young
OC (up to a few thousand years old), whereas gully erosion also affects the subsoil and exports older OCq;
(Paul et al., 1997), as well as OCpe,. If these constituents were rapidly transmitted to the mouth of the LMR
without major modification, we would expect the age of coeval LMR sedimentary OC to be older, with a
wider spectrum than the prehistoric samples. However, the opposite is observed in the historic sample and
the two oldest oxbow lake samples (Bianchi et al., 2015) representing this period. Furthermore, the inherit-
ed OC age spectrum does not show a distinct change corresponding to the drastic reduction in soil erosion
after the 1940s (Bianchi et al., 2015). This suggests that changes in soil erosion were buffered by integration
of the tributary systems of the LMR (Trimble, 1999).

Floodplains act as both sinks and sources of sediment and OC in naturally flooding and migrating alluvial
rivers. Migration of the pristine LMR between 1877 and 1924 generated a floodplain-to-river sediment flux
of 730 + 140 x 10° m*/yr (1,100 % 200 x 10° t/yr, assuming a bulk density of 1.5 t/m?), closely matching
an estimate made >100 years ago (Ockerson, 1892). Although deposition stored a similar amount of sedi-
ment back in the channel and floodplain (Kesel et al., 1992), mixing the sediment produced by bank caving
with the 2-3 times smaller sediment flux from the Missouri River (Meade & Moody, 2010) made the flood-
plain-recycled material a major component of sediment and OC carried by the LMR to the ocean prior to
1950.
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In contrast, analysis of Landsat imagery indicates that ~90% of the LMR has migrated <4 m/yr between
the 1970s and 2019 (Figure 3). Erosion due to the migration of the entire LMR during this time interval
generated a floodplain-to-river sediment flux of 72 % 4 x 10° m*/yr (110 + 6 x 10° t/yr). This represents a
~90% reduction in comparison to the period between 1877 and 1924. Even accounting for the reduction in
suspended sediment load of the LMR due to damming, the 10-fold decrease in river-floodplain sediment
exchange since the 1950s means that the contribution of recycled materials from the floodplain in the sedi-
ment load of the LMR has been dramatically reduced.

The LMR floodplain sediment contains OC with ages spanning the entire Holocene and even back into the
last glacial. This is evident from the bulk “C ages of Holocene LMR channel-belt deposits that are as old
as 20,000 yr (Saucier, 1983) (Figure S4 and Table S1). The floodplain has, to a large extent, been built by
generations of meandering channel belts on top of late Pleistocene riverine sand and gravel (Saucier, 1994).
A significant portion of the floodplain is occupied by flood basins that gradually accumulated sediment
during most of the Holocene. The LMR in its natural state eroded into older channel belts and overbank
strata, in addition to underlying deposits from the last glacial (Saucier, 1994) (Figure 1). This erosion reach-
es floodplain strata down to a depth equivalent to the thalweg depth, which differs from topsoil erosion in
the hinterland that primarily mobilizes recently synthesized OC. Therefore, lateral migration of the pristine
LMR could introduce abundant and significantly aged OC associated with both sand and mud that ac-
counts for the high-temperature OC pool of the prehistoric sediments. We thus conclude that engineering
modifications that reduced the river-floodplain sediment and OC exchange are the cause of the loss of the
refractory pool of OC in the LMR.

The enrichment of the young OC pool is likely due to multiple causes. First, separating the LMR from its
floodplain reduces temporary storage and speeds up the downstream transmission of sediment and OC so
that the younger OCy; from the hinterland can survive degradation and reach the river mouth.

Second, postdepositional remineralization may have preferentially removed young and more reactive OC in
the prehistoric samples, even though the samples were taken deliberately from sediments that were buried
rapidly below the local groundwater table. The thermographs of our four samples have similar shapes and
maximum CO, evolution temperatures (T (Figure S5), suggesting broadly comparable fractional rem-
ineralization. Riparian vegetation (Hupp et al., 2019) and instream algal production (Kendall et al., 2001)
are sources of fresh and young OC for the LMR. The >2,000 yr inherited age for the youngest carbon pool
suggests that the fresh OC is either insignificant or not efficiently buried and preserved in the prehistoric
samples. However, thermographs of the oxbow-lake samples show a shoulder on the rising limb that is
absent in our four samples, despite similar Ty, (Bianchi et al., 2015), suggesting a higher contribution or
better preservation of fresh OC in this depositional setting (Figure S5).

Third, damming of the Missouri and Arkansas rivers reduced the sediment load from these sources, which
increased the relative proportion of the Ohio and Upper Mississippi river sediments (Meade & Moody, 2010)
that carried relatively young, woody OC to the LMR (Bianchi et al., 2015). In addition, the post-1950 OC can
be partly affected by anthropogenic **C from atmospheric testing of thermonuclear weapons, as previously
demonstrated for the oxbow-lake sediments (Bianchi et al., 2015). However, these effects are not often ob-
served unequivocally in modern age spectra or bulk **C ages from large, integrative river systems (Bouchez
et al., 2010, 2014; Galy, Beyssac, et al., 2008; Hilton et al., 2015; Rosenheim et al., 2013a).

4.2. Floodplain Control of Riverine Organic Carbon

Blair and Aller (2012) proposed that floodplains of large passive-margin rivers modulate the composition of
riverine OC through erosion-deposition cycles. The floodplain-river sediment exchange of the pristine LMR
provides direct support for this model. Lateral migration of the pristine LMR resulted in a floodplain-to-riv-
er sediment flux of 1,100 % 200 X 10° t/yr. Assuming ~1% OC content, a conservative value for floodplain
sediments (e.g., Aufdenkampe et al., 2011), the OC exchange between the LMR and its floodplain was
11 + 2 Tg C/yr (1 Tg = 10" g), which is 2-3 times the 4 Tg C/yr modern LMR OC flux to the ocean (Bianchi,
Wysocki, et al., 2007).
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Storage reactor

Figure 4. Contrasting floodplain control on riverine organic carbon
(OC) between pristine and engineered rivers. The hinterland source feeds
rivers with petrogenic carbon (OCe,) and soil organic carbon (OCyy).

In the “storage reactor” model for pristine rivers, the floodplain and river
exchange sediment and OC through erosion and deposition related to
lateral migration and frequent flooding (Blair & Aller, 2012). Hinterland
and riparian OC may be stored in floodplains for thousands of years,
which results in aging of OC. OC is lost with CO, outgassing during
floodplain storage, which may dominate riverine OC loss (Scheingross

et al., 2019). OCy, is depleted in the exported OC due to oxidation loss
(Bouchez et al., 2010). In the “conveyor belt” model for engineered rivers,
floodplain-river exchange is intercepted by embankment. As a result,
hinterland source OC is transmitted through rivers with a short (if any)
floodplain storage time and limited modifications.
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The significantly aged OC exported by the prehistoric LMR (Figure 2) and
other large pristine rivers (Goiii et al., 2014; E. K. Williams et al., 2015) in-
dicates that floodplains of large rivers act as a “storage reactor” in modify-
ing riverine OC (Figure 4). OC from hinterland sources and riparian veg-
etation can be stored for millennia in large floodplains. During storage,
both OCpero and OCy,; can be partly lost by oxidation and microbial respi-
ration in favorable environments (Bouchez et al., 2010; Boye et al., 2017).
The loss of OCy leads to the depletion of this component in the export-
ed OC by large rivers, compared to small mountainous rivers (Blair & Al-
ler, 2012). The oxidative loss of OCy,; preferentially removes the younger
and more reactive constituent, although this loss can be partly compen-
sated by OC synthesized by riparian vegetation (Goii et al., 2014). Selec-
tive OC loss and the addition of riparian OC can also change 8"°C values
of OC (Goni et al., 2014; Gordon & Goiii, 2003). Oxidative loss during
floodplain storage may dominate riverine CO, outgassing (Scheingross
et al., 2019). Therefore, the floodplain “storage reactor” makes OC export-
ed by large rivers compositionally different from OC derived from their
hinterland sources.
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The late Holocene to modern change of OC age spectra in the LMR sug-

gest that the processes in the floodplain “storage reactor” have signifi-
cantly subdued impacts on riverine OC when lateral channel migration is
impeded by engineering modifications. An embanked river acts as a “con-
veyor belt” between the hinterland OC source and the marine sediment
sink, largely bypassing the extensive floodplains (Figure 4). As a result,
OC is transmitted through such rivers with truncated floodplain storage
and limited modifications. The net result is that large integrative passive
margin river systems such as the Mississippi River will approach the
roles of small mountainous rivers on tectonically active margins which
cycle carbon to the ocean more rapidly (Blair & Aller, 2012; Milliman &
Syvitski, 1992), although small mountainous rivers contain a much larger
proportion of OC,ey, and tend to have higher OC burial efficiencies due
to episodic high accretion rates and rapid burial in relatively deep water
(Blair & Aller, 2012).

4.3. Implications for Cycling of Riverine Organic Carbon

Changing large OC routing systems from a “storage reactor” to a “conveyor belt” mode is likely to affect the
river-atmosphere-ocean carbon cycle. Rivers can lose >50% of their POC load to the atmosphere during
transit (Galy, France-Lanord, et al., 2008; Richey et al., 2002), and this loss may accrue predominantly by
oxidation during floodplain storage (Scheingross et al., 2019). The DOC load probably exhibits even larg-
er losses since it is more reactive (Marwick et al., 2015; Raymond & Bauer, 2001). Because OC oxidation
depends on integrated oxygen-exposure time (Blair & Aller, 2012), reducing floodplain residence time by
engineering could have reduced riverine OC loss, routing more OC to fluviodeltaic and offshore deposits.
For a first-order constraint on the magnitude of the reduced OC loss, we assume that the pristine LMR lost
~50% of its OC load by oxidation during transit, which is likely a conservative value for rivers with large
floodplains such as the Ganges (Galy et al., 2007) and the Amazon (Richey et al., 2002). Flume experiments
showed that OC loss by fluvial transport up to ~1,000 km without floodplain storage is <10% (Scheingross
et al., 2019; Zhao et al., 2020). If this applies to the LMR, its floodplain storage may account for at least 40%
of the OC loss of the pristine LMR.

The mean inherited OC age is a maximum measure of the mean residence time of the LMR sediments in its
floodplain and its value is at minimum ~5,000 yr for the pristine LMR and at maximum ~2,000 yr for the
suspended sediment near the mouth of the modern LMR (Figure 2). Assuming oxidative loss of the whole
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reactive floodplain OC pool, irrespective of OC age, follows the first-order single-pool decomposition model
(Blair & Aller, 2012), the decrease of the reactive floodplain OC pool (C,) with increasing floodplain storage
duration (t) follows:

C./Cy=e™ (3)

where C is the reactive OC pool at the time of floodplain deposition, and k is the decay constant. For the
pristine LMR, the presumed >40% OC loss during a 5,000 yr floodplain storage produces a k > 0.01%/yr.
With this constraint on k, the oxidative loss of the OC load of the modern LMR is < 20% for a floodplain
storage duration <2,000 yr. Therefore, the shortened floodplain residence time reduces the presumed 40%
OC load loss due to floodplain storage in the pristine LMR to <20%, which, in combination with the up
to 10% riverine OC load loss by outgassing, suggests that the modern LMR probably loses <30% of its OC
load. Based on the <30% OC load loss and the 4 Tg C/yr OC flux to the Gulf of Mexico of the modern LMR
(Bianchi, Wysocki, et al., 2007), we estimate the maximum annual LMR OC load at 5.7 Tg C/yr. Assuming
that the LMR OC load (excluding the fraction remineralized and buried behind dams) remains constant, the
presumed 50% OC load loss of the pristine LMR equals <2.9 Tg C/yr. Therefore, the modern LMR OC flux to
the Gulf of Mexico is > 1.1 Tg C/yr, or 40%, larger than the pristine river (without accounting for the impact
of dams) following embankment and bank stabilization.

The increased OC flux implies an increase of OC content in the exported sediment, concurring with the
increase of both lignin and total OC concentration in post-1950 sediments in oxbow-lake deposits (Bianchi
et al., 2015) and on the Louisiana continental shelf (Allison et al., 2007; Sampere et al., 2011). Our RPO
'C analysis indicates that the LMR OC was rejuvenated because of losing the floodplain source of old OC.
In addition, the sediment accretion rate on the Louisiana shelf has been reduced by 2-3 times due to the
reduced sediment flux from the LMR since the 1950s (Allison et al., 2007). These changes may decrease the
OC burial efficiency, which is, however, not supported by the lack of change in the OC remineralization rate
in sediments on the Louisiana shelf with oxic bottom water (Allison et al., 2007). Therefore, we argue that
the reduced OC loss by embanking the LMR leads to an increase of OC burial in marine sediments. This
increases the continental shelf carbon sink fed by the LMR probably by > 40%, even so the total sediment
flux is reduced by damming.

It is well acknowledged that global riverine OC export to the oceans is strongly affected by anthropogenic
modifications, including agriculture, urbanization, and damming (Maavara et al., 2017; Regnier et al., 2013),
but the impact of bank stabilization has to date not been studied. Many large alluvial systems in densely
populated regions have undergone anthropogenic changes similar to the LMR (Grill et al., 2019). There-
fore, bank stabilization likely has increased global riverine OC export to the oceans and constituted a sink,
considering the exceptionally constant OC burial efficiency in large river deltas (Blair & Aller, 2012). This
sink may increase significantly if the still free-flowing major tropical rivers, including the Amazon, Congo
(Schliinz & Schneider, 2000), and Ayeyarwady (Bird et al., 2008) that discharge a combined >10 times more
OC than the LMR, were to be embanked in the future.

5. Conclusions

We combine RPO "*C and OSL dating to unveil temporal changes in the "*C age spectra of LMR OC over
the past millennium. The "*C age and age-spectrum width have been significantly reduced, independent of
sediment type and location. This age reduction is ascribed primarily to the ~90% reduction in river-flood-
plain sediment exchange that cuts off the aged floodplain OC source, an unintended consequence of river
engineering.

Floodplains play a critical role in controlling the OC flux in large pristine rivers. The floodplain acts as
a “storage reactor” that mixes OC from various sources and stores it for thousands of years while prefer-
entially remineralizing the younger and more reactive constituents. Sediment and OC exchange between
floodplain and river can make floodplain-sourced, aged OC the dominant component exported by large riv-
ers. However, when channel mobility is limited and lateral erosion hindered, sediment-routing systems are
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disconnected from the floodplain reservoir and function as an efficient “conveyor belt” in the downstream
transmission of hinterland OC.

We estimate that oxidative loss of OC transmitted through the LMR may have been reduced by at least
40% or 1.1 Tg C/yr due to the reduced storage time of OC in the floodplain. Because many large rivers have
undergone or are undergoing intense modifications similar to the LMR, river engineering likely represents
a significant shift in global river-atmosphere-ocean carbon cycling. We anticipate that additional studies
of major rivers will allow for better constraints on the carbon cycling and coastal ocean biogeochemistry
effects of increased worldwide river management.

Data Availability Statement

Data sets for this research including the OSL, *C data, and LMR channel centerlines and the 1973-2019
LMR migration rates are publicly available under Creative Commons Attribution 4.0 International (CC BY
4.0) license in Coastal Carolina University's Digital Common data repository (Shen et al., 2020). Data sets
for this research are available in these in-text data citation references and repositories: The bulk *C data
for late Holocene Mississippi Delta sediments from White (2017) (https://digitalcommons.Isu.edu/grad-
school_dissertations/4100). The bulk **C data of Holocene LMR channel-belt deposits from Saucier (1983).
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