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a b s t r a c t
CO2 release from particulate organic carbon (POC) oxidation during ﬂuvial transit can inﬂuence
climate over a range of timescales. Identifying the mechanistic controls on such carbon ﬂuxes requires
determining where POC oxidation occurs in river systems. While ﬁeld data show POC oxidation and
replacement moving downstream in lowland rivers, ﬂume studies show that oxidation during active
ﬂuvial transport is limited. This suggests that most ﬂuvial POC oxidation occurs during transient
ﬂoodplain storage, but this idea has yet to be tested. Here, we isolate the inﬂuence of ﬂoodplain
storage time on POC oxidation by exploiting a chronosequence of ﬂoodplain deposits above the
modern groundwater table in the Rio Bermejo, Argentina. Measurements from 15 ﬂoodplain cores with
depositional ages from 1 y to 20 ky show a progressive POC concentration decrease and 13 C-enrichment
with increasing time spent in ﬂoodplain storage. These results from the Rio Bermejo indicate that
over 80% of ﬂuvially-deposited POC can be oxidized over millennial timescales in aerated ﬂoodplains.
Furthermore, POC in the oldest ﬂoodplain cores is more 14 C-enriched than expected based on the
independently-dated ﬂoodplain ages, indicating that a portion of this oxidized POC is replaced by
autochthonous POC produced primarily by ﬂoodplain vegetation. We suggest ﬂoodplain storage timescales
control the extent of oxidation of ﬂuvially-deposited POC, and may play a prominent role in determining
if rivers are signiﬁcant atmospheric CO2 sources.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction
Lowland river systems inﬂuence the geologic carbon cycle via
the production, transfer, and oxidation of particulate organic carbon (POC) (e.g., Bianchi et al., 2018; Hilton and West, 2020). POC
sourced from the terrestrial biosphere (POCbio ) that escapes oxida-
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tion during ﬂuvial transit can be buried in marine sediments, providing a long term CO2 sink and O2 source, whereas POC sourced
from erosion of sedimentary rock (POCpetro ) can release CO2 to
the atmosphere and consume O2 via oxidation during exhumation
and ﬂuvial transit (e.g., Galy et al., 2008a; Hemingway et al., 2018;
Hilton and West, 2020).
Whether lowland rivers act as net sources or sinks of atmospheric CO2 over geologic timescales depends on the source and
fate of POC during ﬂuvial transit as well as inorganic processes
such as silicate and carbonate weathering (Hilton and West, 2020).
Eﬃcient oxidation of POC during transit through lowland rivers
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can push rivers towards being atmospheric CO2 sources because
oxidation of POCpetro directly transfers carbon from the rock reservoir to the atmosphere, and oxidation of POCbio reduces the ﬂux
of recently photosynthesized carbon from the atmosphere to sedimentary basins. In contrast, if POC is stable during source to sink
transport, rivers can contribute to the removal of CO2 from the
atmosphere, as the preservation of POCbio increases the ﬂux of recently photosynthesized carbon to depositional basins where it can
be incorporated into geologic storage.
As POC travels downstream, it spends the majority of its total transit time in transient ﬂoodplain storage (Bradley and Tucker,
2013; Repasch et al., 2020; Torres et al., 2020, 2017). Together,
long ﬂoodplain storage timescales and experimental evidence of
negligible POC oxidation during in-river transport (Scheingross et
al., 2019) suggest that the ability of POC to survive episodes of
transient ﬂoodplain storage, as well as the relative proportions of
POCbio and POCpetro , may control whether lowland rivers act as atmospheric CO2 sources or sinks. However, existing data on POC
storage and oxidation in ﬂoodplains is diﬃcult to interpret, as
ﬂoodplains contain both ﬂuvially-deposited (allochthonous) POC,
and POC produced in situ via vegetation growth (autochthonous
POC). The conﬂation of these two POC sources makes it diﬃcult
to discern the principal controls on the ﬂuvial carbon budget during source to sink transit.
Floodplains are often argued to be areas of POC preservation, both due to empirical observations of carbon storage in
vegetation (e.g., Hoffmann et al., 2009), and mechanistic considerations that the delivery of nutrients and ﬁne sediment to
ﬂoodplains allows eﬃcient organic matter stabilization and autochthonous POC production (Cierjacks et al., 2010; Hoffmann et
al., 2009; Lawrence et al., 2015; Zehetner et al., 2009). These arguments apply primarily to autochthonous POC preservation, and
thus are valid for geologically-short residence times (<∼105 y) of
individual ﬂoodplain deposits. Arguments for ﬂoodplains to preserve allochthonous POC, and thereby sequester CO2 over 106 -y
timescales, often cite the aging of POCbio in river sediment (e.g.,
Galy and Eglinton, 2011; Lininger et al., 2019; Marwick et al.,
2015; Torres et al., 2020). These data suggest that not all POC
deposited in ﬂoodplains can be fully mineralized over existing storage timescales, which may be mechanistically explained via chemical stabilization of POC following interactions with mineral-rich
sediment (Hemingway et al., 2019; Lawrence et al., 2015; Masiello
et al., 2004). However, data also show POC loss and modiﬁcation during downstream transport (e.g., Aufdenkampe et al., 2007;
Bouchez et al., 2010; Galy et al., 2008a,b), suggesting that at least
some allochthonous POC must be oxidized during ﬂuvial transit.
Well-constrained chronosequences provide a method to assess
the fate of POC during ﬂoodplain storage. Most chronosequence
studies have focused on soil development over a parent bedrock
or non-ﬂuvially deposited material, and thus do not contain the
ﬂuvially-deposited, allochthonous POC we seek to examine (e.g.,
Masiello et al., 2004; Schlesinger, 1990). Chronosequence studies
speciﬁcally examining ﬂoodplains are often limited to only the top
∼1 m of the deposit (e.g., Baisden et al., 2002; Zehetner et al.,
2009). Such shallow depths are dominated by autochthonous POC
(Lawrence et al., 2015; Lininger et al., 2018; Zehetner et al., 2009),
making it diﬃcult to evaluate allochthonous POC oxidation.
The limited cases in which POC fate in ﬂoodplain deposits
has been examined at depths >∼1 m, where allochthonous POC
may be more strongly represented, show inconsistent results. An
analysis of ﬂoodplain deposits up to 6 m depth within the Colorado River Basin, USA suggests POC is preserved in ﬂoodplains,
but analyses were limited to depths below the groundwater table
characterized by saturated, anoxic conditions (Boye et al., 2017).
In contrast, comparing ﬂoodplain deposits up to ∼3.5 m depth
from an active ﬂoodplain and a Pleistocene terrace of the Fly River,

Papua New Guinea shows a loss of POC with time, suggesting ongoing POC oxidation (Goñi et al., 2014). Along the Cowlitz River,
USA, a 1.2 My chronosequence with cores extracting material from
up to ∼4 m depth shows no clear relationship between ﬂoodplain
age and POC content, but changes in the mineralogy, chemistry,
and mineral surface area of the deposits with time suggest that
when present, POC can be stabilized during storage (Lawrence et
al., 2015). None of these studies explicitly separate allochthonous
and autochthonous POC, making it diﬃcult to assess allochthonous
POC oxidation. Lacking additional data, models of POC loss during
ﬂoodplain storage have assumed exponential decay with unconstrained rate parameters (Torres et al., 2017), yielding results that
have yet to be ﬁeld-veriﬁed.
Here, we use ﬁeld measurements to assess oxidation and modiﬁcation of allochthonous, ﬂuvially-deposited POC as a function of
ﬂoodplain storage time. We hypothesize that POC oxidation during
ﬂoodplain storage causes decreased allochthonous POC concentration and 13 C-enrichment in the residual allochthonous POC with
time spent in ﬂoodplain storage. We examine our hypothesis in
the Rio Bermejo, Argentina, by comparing bulk POC concentration
and carbon isotopic composition of ﬂoodplain sediment depth proﬁles up to 5 m deep across a 20 ky chronosequence to that of
actively-transported river sediment. We interpret our data to reﬂect eﬃcient POC oxidation over millennial timescales, and discuss
how feedbacks between climate, tectonics, and Earth surface processes may regulate POC oxidation rates in alluvial basins.
2. Study area and methods
2.1. Study area
We explore POC oxidation across a chronosequence of ﬂoodplain deposits of the Rio Bermejo, Argentina (1.2 × 105 km2
drainage area) (Fig. 1). The river basin has a subtropical climate
with mean annual precipitation and temperature of 1200 mm/y
and 22 ◦ C in the headwaters and 700 mm/y and 23 ◦ C in the
lowlands, respectively (Harris et al., 2014), and vegetation composed primarily of C3 shrubs and trees in both the headwaters and lowlands (Fig. 1b) (Powell et al., 2012). The headwaters
(5.5 × 104 km2 ) drain the eastern Andes and are underlain by
weakly-lithiﬁed marine and terrestrial sedimentary rock (McGlue
et al., 2016). After exiting the mountain front at ∼280 m above
sea level, the Bermejo traverses the ∼700 km wide Chaco Plain
with no tributary inputs except for the Rio Bermejito, a paleochannel of the Bermejo abandoned in an 1870 avulsion (Page,
1889) that contributes <2% and <0.2% of the main stem Rio
Bermejo water and sediment discharge, respectively (Orfeo, 2006)
(Argentinian National System of Hydrologic Information, https://
snih.hidricosargentina.gob.ar/) (Fig. 1). Periodic avulsions of the Rio
Bermejo have created a ﬂuvial mega-fan (McGlue et al., 2016), extending from the Andean mountain front to the Rio Paraguay. The
latter collects the discharge of the Rio Bermejo and conveys it to
the Rio Paraná and the Atlantic Ocean.
We limit our analyses to the lowland Rio Bermejo between
the conﬂuence of the Rio San Francisco and the river terminus
at the Rio Paraguay (Fig. 1). The lowland Rio Bermejo is ∼4–8 m
deep, and has a high suspended sediment load (∼3–24 g/L) and
relatively ﬁne grain sizes (sand to silt) (Repasch et al., 2020). Recent work using meteoric 10 Be suggests a mean transit time of
8.4 ± 2.2 ky for sediment to traverse the lowland Rio Bermejo system (Repasch et al., 2020).
2.2. Sampling strategy and methods
High channel migration rates and periodic avulsions (McGlue
et al., 2016; Repasch et al., 2020) create a wide distribution of
2
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Fig. 1. (a) Digital elevation model of the Rio Bermejo watershed and sampling locations, inset shows study location in northern Argentina. (b) Percent of vegetation made
up by C3 plants from Powell et al. (2012). (c - g) Optical imagery of sampling locations ∼200-300 km (c and d) and ∼450–500 km (e and f) downstream from the Rio San
Francisco junction. Floodplains are labeled from youngest (FP01) to oldest (FP15). Imagery accessed via Google Earth and ESRI ArcMap.

ﬂoodplain deposit ages that we use to build a chronosequence. We
compare POC content and isotopic composition in ﬂoodplain deposits to sediment in active transport in the Rio Bermejo, which
includes both mineral-bound organic carbon and discrete particles
of organic detritus. As actively-transported river sediment supplies
allochthonous POC to ﬂoodplains, this material represents time
zero of the ﬂoodplain chronosequence (assuming this signal has
remained constant throughout the time period of interest).

We collected ﬂoodplain deposits and sediment from the active
channel over three ﬁeld campaigns during periods of high ﬂow
near the end of the rainy season (May 2015, March 2016, and
March 2017). We observed the inundation of channel bars, fresh
overbank deposits and lateral channel migration during our sampling, suggesting that the high ﬂows experienced during sampling
are characteristic of the ﬂow magnitude during ﬂoodplain formation. To account for hydrodynamic sorting during ﬂuvial transport
3
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Table 1
Overview for cored ﬂoodplain deposits and depositional ages. River distance refers to the straight line downstream distance from the junction of the Rio Bermejo and Rio
San Francisco. Minimum and maximum deposit ages refer to the age at the time of collection and are calculated based on the dating technique and, for FP10-FP15, include
aggradation rates of 0.3 cm/yr. Minimum age of deposits dated with historical imagery reﬂects the last time the Rio Bermejo occupied the location.
Floodplain
ID

Full sample
name

Latitude

Longitude

FP01

AR17JS11

FP02

AR16JS17

FP03

AR17JS21

−24.30512
−25.65058
−25.65147
−24.26237
−24.252395
−24.25831
−25.65179
−25.7362
−25.61083
−25.73631
−25.792372
−24.30496
−23.357448
−24.265117
−24.09626

−61.83514
−60.13401
−60.13466
−61.95145
−61.945055
−61.95024
−60.13472
−60.00115
−60.36116
−60.00211
−60.146475
−61.83445
−63.518712
−61.882488
−61.942213

FP04

AR17JS08

FP05

AR16JS11

FP06

AR17JS09

FP07

AR17JS22

FP08

AR17JS19

FP09

AR17JS18

FP10

AR17JS20

FP11

AR16JS15

FP12

AR17JS10

FP13

AR16JS19

FP14

AR16JS08

FP15

AR16JS10

River
distance
(km)

Depth of
core
(cm)

Dating
technique

Minimum
deposit age
(yr)

Maximum
deposit age
(yrs)

Year
collected
2017

257

90

Historical Imagery

1

Unconstrained

475

125

Historical Imagery

3

Unconstrained

2016

475

200

Historical Imagery

4

Unconstrained

2017

240

200

Historical Imagery

5

Unconstrained

2017

240

160

Historical Imagery

7

Unconstrained

2016

240

210

Historical Imagery

7

Unconstrained

2017

475

290

Historical Imagery

21

Unconstrained

2017

492

195

Imagery + relative

33

460

2017
2017

454

315

Bermejito Avulsion

150

Unconstrained

492

250

Imagery + charcoal

33

890

2017

484

410

OSL

60

1360

2016
2017

257

310

Imagery + charcoal

33

940

50

250

OSL

380

1960

2016

245

460

OSL

1970

4080

2016

223

490

OSL

12250

20200

2016

(Galy et al., 2008a; Lupker et al., 2011), we collected bedload and
suspended sediment depth proﬁles at four locations along the Rio
Bermejo (Fig. 1, Table S1), and supplemented river depth proﬁles
with additional samples of surface water sediment and channel
bars exposed as ﬂow receded (Fig. 1). To separate liquid and solid
phases, we ﬁltered all suspended sediment samples with a 0.22 μm
polyethersulfone ﬁlter under pressure (Galy and Eglinton, 2011).
We collected 15 ﬂoodplain sediment depth proﬁles from the
active channel belt, paleochannels and ﬂoodplains using a hand
auger (Fig. 1 and S1, Table 1). All ﬂoodplain coring sites had surface vegetation overlaying an organic-rich soil layer developed in
ﬂuvially-deposited sediment (Fig. S1). We removed vegetation, leaf
litter, and loose, unconsolidated topsoil from sites prior to coring.
Proﬁle cores were always above the modern groundwater table,
and the groundwater table depth varied between sites from 0.9 m
to >5.5 m. We amalgamated individual samples over ∼20–40 cm
depth increments. Based on sample texture and color, we observed
no evidence for paleosols at depth. For select coring sites we collected the top ∼2 cm of topsoil as well as leaf litter and organic
debris within a ∼2 m radius of the auger hole to help distinguish ﬂuvially-deposited allochthonous POC from autochthonous
POC produced in situ after deposition.

to break down aggregates before making 10 replicate measurements of which we report the median value. Repasch et al. (2020)
report mineral speciﬁc surface area (SSA) on a subset of the samples analyzed here via gas sorption analysis with organic matter
removed via combustion prior to measurement (Table S1). We explored the relationship between the fraction of grains ﬁner than a
given diameter and SSA. The fraction of grains ﬁner than 2 μm in a
sample ( f 2 ) showed the strongest correlation with SSA (R2 = 0.85,
Fig. S2), and we use f 2 as a proxy for SSA in our analysis. We
additionally measured the Al/Si ratio of select samples using xray ﬂorescence spectrometry (XRF) as an independent measure of
sediment properties. Samples with high Al/Si ratios tend to have
high clay content and high POC content relative to samples with
low Al/Si ratios (e.g., Galy et al., 2008b). XRF measurements were
made by ﬁrst powdering samples in a disk mill to <63 μm. The
powdered samples were heated overnight at 105 ◦ C and prepared
as fused glass disks with Li-tetraborate-metaborate ﬂux (FLUXANA
FX-X65) at a weight ratio of sample to ﬂux of 1:6. After measuring loss on ignition (LOI) in a subsample, the major element
oxides (SiO2 , TiO2 , Al2 O3 , Fe2 O3 , MnO, MgO, CaO, Na2 O, K2 O, and
P2 O5 ) and some trace elements (Ba, Cr, Ga, Nb, Ni, Rb, Sr, Y, Zn,
Zr) were analyzed using a PANalytical AXIOS Advanced WDXRF
spectrometer equipped with a rhodium anode end-window X-ray
tube operated at 2.7 kV. We performed calibration and monitoring
of samples and 130 certiﬁed international and internal reference
samples, which were used for correction procedures.

2.3. Sediment physical characterization and geochemistry
In the laboratory, samples were oven dried (>24 h at 40–50 ◦ C)
before homogenization and disaggregation using a mortar and pestle, removal of coarse plant material (>1 mm using tweezers), and
splitting into separate aliquots for physical characterization and
geochemical analyses.

2.3.2. Sediment organic geochemistry
Aliquots for organic carbon concentration and isotopic analyses
were powdered in a disk mill and decarbonated via rinsing in 4%
HCl solution following Galy et al. (2007). We made all POC weight
percent and isotopic concentration measurements on the remaining solids after discarding and rinsing off the HCl-leach solution.
The HCl-leach method we used may lead to greater organic carbon losses than HCl fumigation, and discrepancies may arise when
comparing our organic carbon measurements with samples that
underwent a different decarbonation method (e.g., Komada et al.,
2008). We split POC content and stable carbon isotope (δ 13 Corg )
measurements between facilities at the German Research Centre
for Geosciences (GFZ) and Durham University. GFZ measurements
were made using a NC2500 Carlo Erba elemental analyzer (EA)
coupled with a ConFlo III interface on a ThermoFisher Scientiﬁc

2.3.1. Sediment grain size distribution, surface area, and Al/Si ratio
POC content often varies with particle size and surface area,
with ﬁner, clay-rich sediment typically enriched in POC relative to
coarser material (e.g., Bianchi et al., 2018; Galy et al., 2008b). Thus,
evaluating the loss of POC with time spent in ﬂoodplain storage
requires comparing sediment with similar physical characteristics,
and we accomplish this by measuring particle size distributions,
mineral speciﬁc surface area, and Al/Si ratios.
We characterized grain size distributions using a laser diffraction particle-size analyzer (Retsch/Horiba LA950). We pre-treated
samples in a sodium pyrophosphate dispersion agent for >24 h
4
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DELTAplusXL isotope ratio mass spectrometer (IRMS), and Durham
University measurements used a Costech EA coupled via a ConFlo
III to a Thermo Scientiﬁc Delta V Advantage IRMS. We performed
measurement calibration at GFZ using elemental (Urea) and certiﬁed isotope standards (USGS24, IAEA-CH-7) and proofed with
an internal soil reference sample (Boden3, HEKATECH). Measurements at Durham University were normalized with internal and
international standards and corrected for internal and procedural
blanks (e.g., Frith et al., 2018). We measured radiocarbon content
of the HCl-leached samples using a combined EA and accelerator
mass spectrometer (EA-AMS) system at ETH Zurich (McIntyre et
al., 2017; Ruff et al., 2010). We report POC concentration as weight
percent organic carbon (using the notation C org to distinguish POC
weight percent from POC generically) and stable carbon isotopes
using δ 13 Corg notation in units of permil () relative to Vienna
Pee Dee Belemnite (VPDB). We use replicate measurements of C org
and δ 13 Corg to assess uncertainty from both sample heterogeneity
and instrument error. We report 14 C/12 C ratios as fraction modern
(F m, equivalent to F14 C as deﬁned by Reimer et al. (2004)) relative
to 95% of the 14 C activity of NBS Oxalic Acid II in 1950 (δ 13 Corg =
−17.8) and normalized to δ 13 Corg = −25 of VPDB. In the Supplementary Text we describe methods for separating POCbio and
POCpetro .

3. Results
3.1. POC content, POC composition and physical sediment properties
C org values for river sediments in active transport range from
0.02% to 0.5%, and C org tends to be higher for ﬁne-grained sediments with high Al/Si ratios relative to coarse-grained sediments
(Figs. 2 and S3, Table S1). Fine-grained ﬂoodplain sediment with
high Al/Si ratios similarly has relatively high C org content, but
spans a wider range of C org values (0.01%–5%) than river sediment,
likely due to autochthonous POC additions (Fig. 2 and S3). Bulk
δ 13 Corg values of actively-transported river sediment range from
−27.4 to −24.9 and ﬁner-grained sediment with higher Al/Si
ratios are slightly more enriched in 13 C. Floodplain sediment has a
substantially wider range of δ 13 Corg values (−30.2 to −14.6)
than river sediment, and these values show no systematic dependence on grain size or Al/Si ratio (Figs. 2 and S3). River suspended
sediment has F m > 0.8, similar to other lowland rivers (Galy and
Eglinton, 2011; Marwick et al., 2015; Torres et al., 2017), and F m
values are greater for suspended sediment with coarser grain sizes
and smaller Al/Si ratios. However, bedload and coarse bar material range from 0.59 < F m < 0.84, likely reﬂecting the presence of
POCpetro (Figs. 2, S3, S4 and Supplementary Text). Material from
ﬂoodplain cores ranges from 0.45 < F m < 1.07, also suggesting
the presence of POCpetro (Supplementary Text). Floodplain samples
with high F m values are typically ﬁner-grained sediments with
larger Al/Si ratios (Figs. 2 and S3) that tend to be near the ﬂoodplain surface (Fig. 3b and 3d).

2.4. Floodplain depositional ages and aggradation rates
We identiﬁed ﬂoodplain material deposited after 1984 via historical image analysis in the Google Earth Engine Digitisation Tool
(Lea, 2018). For such deposits, we set the minimum deposit age
based on the time difference since the Rio Bermejo last occupied
the location of the ﬂoodplain core. While the maximum age of
these deposits is unconstrained, their position in the active Rio
Bermejo channel belt (Fig. 1), the lack of mature trees (Fig. S1),
and the shallow coring depth (0.9–2.9 m) relative to Rio Bermejo
channel depth (∼5 m), are all consistent with a young depositional
age relative to our other samples.
To establish a maximum ﬂoodplain age for ﬂoodplains formed
before 1984, we dated deposits using radiocarbon content of
charcoal remnants (measured at Poznań Radiocarbon Laboratory,
Poland). Deposits lacking charcoal were dated using optically stimulated luminescence (OSL) analyses by Repasch et al. (2020) (Table
S2). No deposits had both OSL and charcoal age estimates. For
ﬂoodplain deposits, we provide a conservative range of formation
ages by estimating minimum and maximum ages which account
for method-speciﬁc measurement uncertainty, measured ﬂoodplain
aggradation rates based on multiple OSL or charcoal dates in a
single core, and the possibility of charcoal inheritance (Frueh and
Lancaster, 2014) (Table 1).
Floodplain core depositional ages range from ∼1 y to 20 ky
(Tables 1 and S2 (Repasch et al., 2020)). In two cores (FP10 and
FP14), OSL and charcoal dates were analyzed at core depths more
than one meter apart. OSL age differences for FP14 give aggradation rates of 0.3–2 cm/y, while charcoal dates in FP10 are within
error, suggesting rapid deposition (Table S2). Two of the ﬂoodplain
deposits (FP08 and FP09) were not dated by charcoal, OSL, or image analysis. FP09 is a deposit of the Rio Bermejito paleochannel,
and we use the time of abandonment (1870) to infer a minimum
deposit age of >150 y (Fig. 1e). FP08 is within the Rio Bermejo
active channel belt and we infer a 33-y minimum deposit age because we observe no signiﬁcant erosion at that location over the
33 years of historical imagery (1984–2016). A cross-cutting relationship shows FP08 is younger than FP10 (Fig. 1g), and we set
the maximum FP08 age to 460 y (the mean age estimate for FP10,
Table 1).

3.2. Depth-dependent POC variations in ﬂoodplain deposits
Floodplain cores vary in grain size, POC content, and POC isotopic composition as a function of depth (Figs. 3, 4 and S5). For
deposits older than 150 y, C org generally decreases down core. C org
in younger deposits (<30 y) decreases from ∼0.5 to 1 m depth, but
we ﬁnd no systematic relationship between C org and core depths
greater than ∼1 m (Fig. 4a and 4c). Variability in C org with depth
can be partially attributed to down-core variations in sediment
grain size and Al/Si (Figs. 2, 3, S3 and S5). In cores where grain
size is roughly constant with depth (e.g., FP15), C org decreases almost monotonically down core (Fig. 4).
Floodplain core δ 13 Corg values show no systematic down-core
trend (Fig. 3a and 3c). However, average δ 13 Corg values systematically increase with deposit age, displaying a ∼9 increase from
the youngest to oldest deposit (Fig. 5a). Top soil and fresh leaf litter samples yield consistently more depleted δ 13 Corg values than
sediment from the co-located core, with the exception of FP09, for
which leaf litter is more 13 C-enriched than the underlying sediments (Fig. 5a, Table S1). The ∼5 increase in δ 13 Corg of topsoil
and leaf litter across the ﬂoodplain chronosequence may be due
in part to vegetation differences between sites. Older ﬂoodplains
tend to be either further away from or elevated above the modern
channel relative to younger deposits, and have had more time for
ecosystem succession to occur.
All ﬂoodplain deposits older than 150 y show a general decrease in F m with increasing core depth, implying a greater relative abundance of either aged POCbio or POCpetro moving down
core (Fig. 3b and 3d). We observe no systematic trend in F m with
depth for deposits younger than 150 y, and in some cores we observe F m ≈ 1 at 1–1.5 m depth (FP02 and FP08, Fig. 3).
4. Testing of allochthonous POC oxidation in ﬂoodplain storage
Here we test our hypothesis of ongoing oxidation of POC
in ﬂoodplains. We ﬁrst test for a progressive reduction of al5
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Fig. 2. (a and b) Particulate organic carbon weight percent (C org ), (c and d) stable carbon isotopes (δ 13 Corg ), and (e and f) radiocarbon fraction modern (F m) versus fraction
of grains < 2 μm ( f 2 ) for actively-transported suspended and bedload sediment collected in the Rio Bermejo (a, c, and e) and ﬂoodplain deposits (b, d, and f). In panels
(a, c, and e), color and symbol groupings indicate distance downstream from the junction with the Rio San Francisco (Fig. 1), while in (b, d, and f) color and symbol show
ﬂoodplain depositional age. Error bars show standard deviation from replicate measurements and are smaller than the symbol size where not shown. (For interpretation of
the colors in the ﬁgure(s), the reader is referred to the web version of this article.)

lochthonous C org with time spent in ﬂoodplain storage by separating the contribution of autochthonous versus allochthonous POC in
ﬂoodplain deposits, and then comparing allochthonous POC concentrations across the chronosequence. As a second test of our
hypothesis, we examine how ﬂoodplain sediment δ 13 Corg changes
across the chronosequence, under the assumption that isotope

fractionation during organic matter decomposition yields residual
organic carbon that is 13 C-enriched (Natelhoffer and Fry, 1988;
Wynn, 2007). Finally, we evaluate the potential for changes in
the initial concentration and isotopic composition of allochthonous
POC over the chronosequence timescale, as such changes would
complicate our interpretation of ﬂoodplain oxidation.
6

J.S. Scheingross, M.N. Repasch, N. Hovius et al.

Earth and Planetary Science Letters 561 (2021) 116822

Fig. 3. Floodplain depth proﬁles of δ 13 Corg and radiocarbon fraction modern (F m). (a and b) Show all proﬁles of δ 13 Corg and F m, respectively, on the same plot, color-coded
by ﬂoodplain age. (c and d) Highlight individual proﬁles of δ 13 Corg and F m, respectively, for each ﬂoodplain core (black line) with proﬁles from other ﬂoodplain cores in
gray. Axis extent of individual proﬁles in (c) and (d) match extent shown in (a) and (b), respectively. Error bars are removed for clarity but are reported in Table S1. Box and
whisker plots in (a) and (b) show median, inter-quartile range, and full extent of values observed in actively transported river sediments.

4.1. Reduction in allochthonous POC concentration with time spent in
ﬂoodplain storage

ment. To estimate the amount of allochthonous POC lost during
ﬂoodplain storage, we must ﬁrst separate the relative contributions of allochthonous and autochthonous POC. We assume two
end-member mixing, such that

4.1.1. Separating allochthonous and autochthonous POC in ﬂoodplain
deposits
Actively-transported sediment within the Rio Bermejo is, by
deﬁnition, purely allochthonous. In contrast, ﬂoodplains contain
a mix of allochthonous and autochthonous POC, i.e. POC sourced
from ﬂuvial deposition, in situ vegetation growth and soil develop-

C org = C allo + C auto

(1)

and

Fm =
7

C auto
C org

F mauto +

C allo
C org

F mallo .

(2)
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Fig. 4. Floodplain depth proﬁles of POC weight percent (C org ) and fraction of grains less than 2 μm ( f 2 ). (a and b) Show all proﬁles of C org and f 2 , respectively, on the same
plot, color-coded by ﬂoodplain age. (c and d) Highlight individual proﬁles of C org and f 2 , respectively, for each ﬂoodplain core (black line) with proﬁles from other ﬂoodplain
cores in gray. Axis extent of individual proﬁles in (c) and (d) match extent shown in (a) and (b), respectively. Error bars are removed for clarity but are reported in Table S1.
Box and whisker plots in (a) and (b) show median, inter-quartile range, and full extent of values observed in actively transported river sediments.

C allo = C org

where C auto and C allo are the weight percentages of the autochthonous and allochthonous POC pools, respectively, and F mauto
and F mallo are the fraction modern values of the autochthonous

( F mauto − F m)
( F mauto − F mallo )

(3)

Solving for the weight percent of allochthonous POC thus requires knowing F m and C org , which we directly measured in our
samples, and F mauto and F mallo , which we estimate below.
As a decrease in allochthonous POC with time spent in ﬂoodplain storage is consistent with our hypothesis of ongoing ﬂoodplain oxidation, we chose to conservatively estimate total POC oxidation, by setting F mauto and F mallo to values that maximize C allo
and thus minimize estimates of POC loss. We set F mauto = 1.07,

and allochthonous POC pools, respectively. For lowland ﬂoodplains far from erodible bedrock, such as in the Rio Bermejo, allochthonous POC by deﬁnition can include both pre-aged POCbio
and POCpetro , whereas autochthonous POC is exclusively POCbio ,
such that we expect F mauto ≥ F m ≥ F mallo . Combining Eq. (1) and
(2) and re-arranging yields
8

J.S. Scheingross, M.N. Repasch, N. Hovius et al.

Earth and Planetary Science Letters 561 (2021) 116822

Fig. 5. (a) Stable carbon isotope values of bulk POC (δ 13 Corg ) from ﬂoodplain cores, top soil, and leaf litter versus independently constrained ﬂoodplain deposit age. Also
shown are the δ 13 Corg range of actively transported ﬂuvial sediment in the Rio Bermejo. (b) Difference between leaf litter and ﬂoodplain sample δ 13 Corg . In both panels,
ﬂoodplain samples are color-coded by depth below surface; white squares show concentration-weighted mean POC values with error bars indicating range in deposit age
estimate. Error bars are smaller than the symbol where not shown. Right pointing arrow indicates unconstrained maximum depositional age of FP09.

the highest F m value measured from all ﬂoodplain samples. A high
value of F mauto maximizes the numerator in Eq. (3), thereby maximizing the fraction of allochthonous POC in a sample.
To estimate F mallo , we account for radiocarbon decay of allochthonous POC since the time of the ﬂoodplain formation following

F mallo = F m0 e (−λt ) ,

of C allo in Eq. (3), and resulting in minimum estimates of allochthonous POC oxidation during ﬂoodplain storage. For some
samples, the measured F m was less than our calculated F mallo and
we set C allo = C org as it is plausible that these cases have no autochthonous POC contribution.
Using the above approach, our over-prediction of C allo relative
to the sample’s actual value is likely greatest for samples from the
oldest ﬂoodplain deposits or from deposits containing the coarsest sediment, or both. For ﬂoodplain deposits that are hundreds
to thousands of years old, our estimate of F mauto = 1.07 is likely
too large. In these deposits, a portion of the autochthonous POC
has been subject to radiocarbon decay for centuries to millennia,
such that F mauto is likely lower, and if the true value of F mauto
was known, we would calculate a lower weight percent of allochthonous POC. Similarly, samples with coarse sediment tend to
have lower F m values than ﬁner sediment (Figs. 2 and S3), such
that our estimate of F m0 in Eq. (5) likely results in an overestimate of F mallo and C allo for coarse sediment.
Following the above approach yields estimates for the fraction
of allochthonous POC in ﬂoodplain deposits (C allo /C org ) ranging
from ∼0.004 to 1 (Fig. 6). All studied ﬂoodplain deposits older
than ∼102 y contain several samples with C allo /C org < 1, indicating sediment is a mix of autochthonous and allochthonous POC
(Fig. 6). Samples at shallow depth tend to have lower C allo /C org
values, consistent with previous observations (e.g., Hoffmann et al.,
2009; Lininger et al., 2018). This may be due to depth-dependent
vertical mixing (Gray et al., 2020) of autochthonous POC or percolation of autochthonous dissolved organic carbon (e.g., Kammer
and Hagedorn, 2011) produced at the ﬂoodplain surface. In the
oldest ﬂoodplain core (FP15), all samples have C allo /C org < 1, indicating autochthonous POC up to 5 m depth, and suggesting that
autochthonous POC may dominate in Rio Bermejo ﬂoodplains over
104 y storage timescales.

(4)

where F m0 is the F m value of allochthonous POC at the time
of ﬂoodplain deposition, λ is the 14 C decay constant (1.209 ×
10−4 y−1 ), and t is the time passed since deposition, in years,
which is set to our central age estimates (Table 1). We estimate
F m0 acknowledging that allochthonous POC is a mix of a pre-aged
POCbio and POCpetro (e.g., Galy and Eglinton, 2011; Lininger et al.,
2019; Torres et al., 2020) (Figs. 2 and S4), and therefore should be
characterized by an F m value less than that of the atmosphere
at the time of deposition. All of our modern Rio Bermejo river
sediment samples have F m ≤ 0.94, at least 0.11 lower than the
modern Southern Hemisphere atmospheric F m (1.05). We assume
that both ﬂuvial dynamics and organic carbon cycling in the Rio
Bermejo have remained constant over the 20-ky chronosequence
timespan, such that the >0.11 difference in F m between the atmosphere and river sediments is constant through time. We thus
calculate F m0 as

F m0 = F matm − 0.11

(5)

where F matm is the atmospheric F m at the time of ﬂoodplain
formation (i.e., F 14 R x−atm = 1 following the notation of Soulet et
al. (2016)) using the SHCal13 Southern Hemisphere Zone 1-2 reconstruction (Hogg et al., 2013; Hua et al., 2013). This approach
maximizes the value of F mallo , thereby maximizing our estimate
9
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Fig. 6. (a) Radiocarbon fraction modern (F m) and (b) fraction of allochthonous POC (C allo /C org ) in ﬂoodplain deposits as a function of independently-constrained ﬂoodplain
depositional age. Symbols are color-coded by sample depth below the ﬂoodplain surface, with white squares in (a) showing POC concentration-weighted mean values for the
entire ﬂoodplain core with error bars indicating the range in deposit age estimate (smaller than the symbol where not shown). Black line in (a) shows maximum possible F m
value for allochthonous POC (F mallo ). Also shown in (a) is range of F m values of river sediment (blue circles are individual samples and white circle is mean of all samples).

C allo of deposits older than ∼103 y tends to be lower than C org of
actively-transported river sediments across all depths (Fig. 7).
We interpret these results to suggest that signiﬁcant oxidation
of allochthonous POC in ﬂoodplains requires millennial timescales
(Fig. 7). The measured 50–80% loss of C org and up to order of
magnitude loss of C allo between modern river and 103 y old ﬂoodplain sediment of similar grain size likely under-estimate the true
extent of allochthonous POC oxidation, due to our conservative
approach in estimating C allo . Furthermore, the agreement in allochthonous POC oxidation between the two oldest cores (FP14
and FP15, which plot as yellow and orange symbols in Fig. 7),
limits the possibility that these observations are due to random
chance. Repeating this analysis using the Al/Si ratio or median
grain diameter of samples as a metric of grain size yields broadly
consistent results (Fig. S6). However, in these cases, the loss of POC
in the oldest ﬂoodplain core (FP15) is not as evident as when using f 2 as a metric of particle size distribution. For FP15, the bulk
C org (including allochthonous and autochthonous POC) in ﬂoodplain samples is generally equal to or greater than the C org of
actively transported river sediments with similar Al/Si ratios or
median grain diameter. However, the allochthonous POC weight
percent of deep ﬂoodplain samples can be up to ∼30% lower than
actively-transported river sediment, consistent with our hypothesis of oxidation of allochthonous POC in ﬂoodplain storage. The
variability of FP15 among our analyses with f 2 , median grain size,
and Al/Si ratio stems from a slightly bimodal grain size distribution
for samples in this deposit (Fig. S7). The f 2 metric captures the
presence of a small fraction of ﬁne material in this sample that
is not reﬂected in the median grain size or Al/Si ratio, but may
hold a large portion of POC given the association between POC
and ﬁne sediment (e.g., Bianchi et al., 2018). Furthermore, FP15
is the oldest deposit and has the coarsest sediment, such that we
are almost certainly over-estimating the amount of allochthonous
POC present in the deposit, and therefore underestimating the total
amount of allochthonous POC oxidation since the time of deposition.

4.1.2. Progressive reduction in allochthonous POC concentration with
ﬂoodplain storage time
To test the hypothesis that allochthonous POC is oxidized during ﬂoodplain storage, we compare POC concentration across the
ﬂoodplain chronosequence against actively-transported river sediment. Assuming constant POC loading through time, a progressive
decrease in POC concentration from actively-transported river sediment to aged ﬂoodplain deposits indicates ongoing allochthonous
POC oxidation. We test this for bulk C org , which includes both
autochthonous and allochthonous POC, and for our conservative
estimate of C allo . We account for the correlation of organic carbon with ﬁne, Al-rich sediment (Figs. 2 and S3) by comparing POC
concentration in samples with similar grain size distributions and
Al/Si ratios. This assumes that the grain size distribution and Al/Si
ratio of ﬂoodplain sediments did not signiﬁcantly change over the
∼20-ky of our chronosequence. Such an assumption seems justiﬁed, as the oldest ﬂoodplain deposit (FP15, which we interpret to
be a point bar deposit) has grain size distributions and Al/Si ratios
approximately equal to the coarse bedload we collected from the
modern Rio Bermejo (Figs. 2, 7, S3, and S6).
POC concentrations progressively decrease with time spent in
ﬂoodplain storage (Fig. 7). C org of ﬂoodplain sediment, including both autochthonous and allochthonous contributions, from deposits older than ∼103 y and deeper than ∼2 m is consistently
∼50–80% lower than that of actively-transported river sediment
and recently deposited ﬂoodplain sediment (<∼50 y) with similar grain size distributions. This difference increases up to an order
of magnitude when comparing actively-transported river sediment
to allochthonous POC in the oldest ﬂoodplain deposit (Fig. 7).
Deep (>2 m) sediment from ﬂoodplain deposits with depositional
ages of ∼102 y have C org values both equal to and lower than
actively-transported river sediment, while deep samples from deposits younger than ∼102 y tend to have C org values approximately equal to those observed in actively-transported river sediment (Fig. 7). Shallow ﬂoodplain samples (<1 m depth) generally
have C org values approximately equal to or higher than activelytransported river sediment, independent of ﬂoodplain age (Fig. 7),
in part due to larger contributions of autochthonous POC (Fig. 6).
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Fig. 7. Comparison of POC weight percent (C org ) versus fraction of grains <2 μm ( f 2 ) for actively transported river sediment (gray circles) and ﬂoodplain deposits (squares and
asterisks). Floodplains deposits are color-coded by depositional age and symbol size indicates sample depth below surface. Solid squares show measured C org , asterisks and
open squares show calculated allochthonous POC (C allo ) in ﬂoodplain samples assuming no pre-aged POC or POCpetro and permitting pre-aged POC and POCpetro , respectively,
see text for details. Error bars show standard deviation from replicate measurements, and are smaller than the symbol size when not shown. Floodplain deposit FP09 is
omitted from the ﬁgure as we have only a minimum a constraint (150 y) on its age.

systematic increase in C org and a decrease in δ 13 Corg over the ∼20ky period covered by our chronosequence.
We argue it is unlikely that C org of river sediment systematically increased over the past 20 ky in the Rio Bermejo. While we
lack paleoclimate data from the Rio Paraná delta (the sink of Rio
Bermejo sediment) which could most directly test this hypothesis, off the coast of Brazil organic carbon accumulation rates were
generally higher from 19–23 ka relative to 4–8 ka (Mollenhauer
et al., 2004). This is supported by biomarker data suggesting large
pulses of terrigenous organic matter were common from 18–28
ka (Lourenco et al., 2016). Furthermore, the C org and C allo values
from deep (>2 m depth) sediment of the two oldest ﬂoodplain
deposits in our chronosequence (FP14, 2–4 ky, and FP15, 1.2–20.2
ky) have C org < 0.1%. These C org values are low relative to the typically >0.1% modern C org values measured in sediment in rivers
and coastal environments spanning a range of grain sizes and climatic environments (Bianchi et al., 2018; Hilton, 2017; Marwick et
al., 2015), such that it seems unlikely these low levels were sustained over the millennial timespan of our chronosequence.
Evaluating if there was a systematic shift in the δ 13 Corg value
of allochthonous POC over the past 20 ky is more diﬃcult. A
shift in vegetation from C4 -dominated plants (which tend to be
13
C-enriched) to C3 -dominated vegetation (which tends to be 13 Cdepleted) could yield a trend of increasing δ 13 Corg with depositional age, similar to that observed in our ﬂoodplain deposits.
Others have argued for such a shift in central Argentina based on
δ 13 Corg values of soil and ﬂoodplain cores from <1 m depth (Silva
et al., 2011). This approach is problematic, as it ignores both the
possibility for changes in carbon isotope composition during storage which could produce such trends (e.g., Ehleringer et al., 2000;
Wynn, 2007), and the possibility of overprinting allochthonous
POC at shallow depth by recently-produced autochthonous POC
(Lininger et al., 2018; Zehetner et al., 2009). A more robust test
of a shift in vegetation could come from compound-speciﬁc 13 C
measurements (e.g., Garcin et al., 2014), and such measurements
should be a target for future work. While we cannot fully rule
out the possibility that POC loading and stable carbon isotope
composition has varied with time, we argue that oxidation of allochthonous POC during ﬂoodplain storage is the simplest mecha-

4.2. Enrichment in δ 13 Corg with time
Oxidation of allochthonous POC during ﬂoodplain storage may
also be recorded by changes in the POC stable carbon isotope
composition. 13 C-enrichment of soil organic carbon with time is
well documented. While the mechanism of 13 C-enrichment is debated (e.g., Ehleringer et al., 2000), isotopic fractionation of POC
during oxidation is one proposed cause (e.g., Wynn, 2007). Under this scenario, preferential removal of 12 C during decomposition
would leave behind POC that is 13 C-enriched. Other mechanisms
for 13 C-enrichment of POC include, but are not limited to, input of
autochthonous POC from C4 vegetation (e.g., Lininger et al., 2018),
microbial processing of existing POC (e.g., Dijkstra et al., 2006),
dissolved organic carbon eluviation from overlying leaf litter and
soils (e.g., Kammer and Hagedorn, 2011), and production of microbial and fungal residues (e.g., Ehleringer et al., 2000). All of these
mechanisms would lead to progressive 13 C-enrichment in residual
autochthonous and allochthonous POC within ﬂoodplain deposits.
We observe a ∼9 increase in δ 13 Corg between activelytransported river sediment and the oldest ﬂoodplain deposit
(Fig. 5). Both leaf litter and topsoil appear more 13 C-enriched at
the locations of the oldest ﬂoodplain deposits (Fig. 5a); we account for this by calculating the difference in δ 13 Corg between
each ﬂoodplain sediment sample and its overlying modern leaf litter. Comparing these differences across the chronosequence shows
a ∼5 increase in δ 13 Corg from the youngest to the oldest ﬂoodplain deposit (Fig. 5b). While we cannot distinguish between the
proposed mechanisms for 13 C-enrichment, we argue that the observed 13 C-enrichment is consistent with oxidation of both allochthonous and autochthonous POC during ﬂoodplain storage.
4.3. Evaluation of temporally constant Corg and δ 13 Corg input
Our ﬂoodplain chronosequence data show that increasing
time in ﬂoodplain storage results in reduced allochthonous POC
in ﬂoodplain deposits and elevated ﬂoodplain δ 13 Corg values.
While these observations are consistent with decomposition of allochthonous POC in ﬂoodplain storage, such trends could emerge
in the absence of POC oxidation if river sediment experienced a
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nism to fully explain our observed losses in C allo and increases in
δ 13 Corg with time.
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5. Implications for geomorphic, tectonic, and climatic controls
on POC oxidation

Acknowledgements
Our observations in the Rio Bermejo ﬂoodplain suggest allochthonous POC buried at shallow depth (<5 m) in aerated ﬂoodplains can be eﬃciently incinerated over millennial timescales.
Given the shallow river depth (∼5 m), we expect the vast majority of POC deposited via channel migration, overbank ﬂow, and
periodic avulsions across the Rio Bermejo mega-fan to be subject
to oxidation. Furthermore, the ∼8.4 ky mean residence time for
sediment transiting the lowland Rio Bermejo (Repasch et al., 2020)
suggests POC produced in the headwaters is likely to be oxidized
during lowland river transit, such that POC exported from the Rio
Bermejo is likely to be biased towards organic matter produced in
the most downstream portions of the basins (e.g., Hemingway et
al., 2017; Torres et al., 2017).
Combining our ﬁndings with previous results showing stabilization of POC deposited under anoxic conditions (Boye et al.,
2017) implies that oxidation of allochthonous POC in ﬂoodplains
is set by a balance between storage time and the level of the
groundwater table, with potential for complex feedbacks following
perturbations in geomorphic, climatic, tectonic and anthropogenic
forcing. For example, increases in tectonic uplift rate or transitions
to wetter climates can increase sediment supply, causing rivers to
aggrade and avulse more frequently (Jerolmack and Mohrig, 2007),
while also driving an increase in lateral channel migration rates
(Constantine et al., 2014). This aggradation may preserve POC by
raising the groundwater table and creating anoxic conditions in
ﬂoodplains (Boye et al., 2017). Concurrently, increased channel migration rates can reduce the residence time of ﬂoodplain-stored
material (e.g., Bradley and Tucker, 2013; Repasch et al., 2020; Torres et al., 2017), and thereby limit the time available for POC
oxidation if migration is conﬁned within a narrow corridor as is
common in lowland migrating rivers (Bradley and Tucker, 2013).
Future ﬁeld, lab, and theoretical efforts to constrain sediment residence time in aerated ﬂoodplains under changing climatic and
tectonic forcing will be key to deciphering how Earth surface processes regulate terrestrial organic carbon cycling.
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S1. Estimating the contribution from POCpetro in river and floodplain sediment
Oxidation of petrogenic organic carbon (POCpetro) and biospheric organic carbon

25

(POCbio) have different influences on the geologic carbon cycle (e.g., Hilton and West, 2020),

26

and the presence of POCpetro can influence the isotopic signature of POC (e.g., Hilton et al.,

27

2010), obscuring detection of isotopic changes caused by floodplain oxidation. While we do not

28

use the relative proportions of POCpetro and POCbio in Rio Bermejo sediment to estimate the

29

potential for allochthonous POC oxidation in floodplain storage, our data does allow for

30

estimating the presence of POCpetro in our samples. Given the interest in separating contributions

31

of POCbio and POCpetro to the geologic carbon cycle (e.g., Berner, 1999; Blair and Aller, 2012;

32

Hilton and West, 2020; Horan et al., 2019), we provide such estimates in this supplement. These

33

results do not influence the findings presented in the main text, except for the fact that our

34

analyses suggest the presence of POCpetro in Rio Bermejo sediments, thereby making our

2
35

estimates of oxidation of allochthonous POC in floodplain storage using Fmallo (Section 4) a

36

minimum bound on the total amount of oxidation of allochthonous POC in floodplain storage.

37

S1.1. Methods for isolating POCpetro contribution

38

We isolate POCpetro in floodplain and river sediment samples by solving for POCpetro

39

weight percent (Corg_petro) using the Galy et al. (2008a) method, as well as a simple mixing model

40

of Fm vs. 1/Corg (sensu Wang et al., 2019), which is free from autocorrelation present in the Galy

41

et al. (2008a) method. Both the Galy et al. (2008a) method and simple mixing model method

42

assume that Corg_petro is constant for all samples, such that variations in the total amount of POC

43

and Fm among samples is due exclusively to variations in the POCbio weight percent (Corg_bio). In

44

some cases, we measured a total POC concentration less than the calculated POCpetro

45

concentration, indicating the constant Corg_petro assumption was violated. For such cases, we set

46

Corg_petro to its maximum possible value by assuming a binary mixture of POCbio (assumed to

47

have Fm = 1.07, the highest measured Fm in this study, Table S1) and POCpetro (Fm = 0) such

48

that

49

𝐹𝐹𝐹𝐹

𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜_𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜 �1 − 1.07� (S1) .

50

Note that Corg_petro could exceed the value calculated in Eq. (S1) if samples contain POC

51

biosynthesized after nuclear weapons testing when atmospheric Fm values exceeded 1.07.

52

Additionally, we independently estimated Corg_petro by attempting to remove POCbio from

53

a subset of samples with a H2O2 rinse prior to radiocarbon analysis. We leached ~5 g aliquots of

54

select bedload and active bar deposits at room temperature in 10% H2O2 on a shaker table for

55

>24 h prior to sample crushing and decarbonation (sensu Galy et al., 2008b). Following H2O2-

56

leaching, samples had Fm>0 indicating incomplete removal of POCbio. Assuming the leaching

3
57

did not remove POCpetro, we estimated a maximum Corg_petro value for these samples following

58

Eq. (S1) using Corg and Fm measured on the H2O2-leached aliquots.

59

S1.2. POCpetro content

60

Corg_petro for all river and floodplain samples overlapped within error, and we observed no

61

systematic change in Corg_petro content between samples collected in the upstream versus

62

downstream extent of the lowland Rio Bermejo (Figure S4). We estimated

63

0.03%<Corg_petro<0.04% and 0.007%<Corg_petro<0.01% using the method of Galy et al. (2008a)

64

and the simple mixing model, respectively (Figure S4), which bound the range from the H2O2-

65

rinsed samples (0.007%<Corg_petro<0.03%, Table S3). To estimate the fraction of POCpetro in the

66

floodplain and river sediment samples, we followed Eq. (S1) to calculate a maximum Corg_petro.

67

For samples in which Corg_petro calculated in Eq. (S1) was >0.04%, we reduced Corg_petro to 0.04%

68

following the results of the Galy et al. (2008a) method, the simple mixing model, and the H2O2-

69

rinsed samples. Using these estimates, the fraction of POCpetro contributing to the total POC in

70

our samples (i.e., Corg_petro/Corg) ranged from 0.006–0.6 (Figure S4c); samples with lower Corg

71

generally contained greater proportions of Corg_petro (Figure 5).

72
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Figure Captions
Figure S1: Example photos of cored floodplain deposits, labeled by floodplain ID and
minimum and maximum deposit ages (Table 1)
Figure S2: (a) R2 values indicating the fit of linear regressions of the fractions of grains finer
than a given value versus mineral specific surface area (SSA). (b) Fraction of grains finer than 2
μm (f2) versus SSA.
Figure S3: Particulate organic carbon weight percent (Corg) (top row), stable carbon isotopic
composition (δ13Corg) (middle row), and radiocarbon fraction modern (Fm) (bottom row) for
actively-transported suspended and bedload sediment collected in the Rio Bermejo (a and c) and
floodplain deposits (b and d) versus median particle size (D50) (a and b) and Al/Si ratio (c and d).
In panels (a and c), color and symbol groupings indicate distance downstream from the junction
with the Rio San Francisco, while in panels (b and d) color and symbol show floodplain

4
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

depositional age. Error bars show standard deviation from replicate measurements and are
smaller than the symbol size where not shown.
Figure S4: Estimate of Corg_petro from suspended and bedload sediments following (a) Galy et al.
(2008a) and (b) with a simple mixing model. Insets show enlarged version of the gray-shaded
area in the main plot. Corg error bars denote standard deviation of multiple measurements, Fm
error is analytical uncertainty, and error on the product Corg x Fm is propagated assuming random
and uncorrelated error in Corg and Fm (Table S1). Error bars are smaller than the symbol where
not shown. (c) Estimate of the fraction of petrogenic organic carbon to total organic carbon
(Corg_petro/Corg) and (d) Corg_petro calculated following Eq. (S1) for samples with Corg<0.04%. In
all panels, squares are floodplain sediment, circles are river sediment, and samples are split
between upstream portions of the Rio Bermejo (<300 km straight-line distance from the Rio San
Francisco junction) and downstream portions of the Rio Bermejo (>300 km straight-line distance
from the Rio San Francisco junction).
Figure S5: Floodplain depth profiles of median grain size (D50) and Al/Si ratio as a function of
depth below the surface. (a and b) Show all profiles of D50 and Al/Si, respectively, on the same
plot, color-coded by floodplain age. (c and d) Highlight individual profiles of D50 and Al/Si,
respectively, for each floodplain core (black line) with profiles from other floodplain cores in
gray. Plot axis extent of individual profiles in (c) and (d) match extent shown in (a) and (b),
respectively. Error bars are removed for clarity, but are reported in Table S1. Box and whisker
plots in (a) and (b) show median, inter-quartile range, and full extent of values observed in
actively transported river sediments.
Figure S6: Comparison of POC weight percent (Corg) versus (a) Al/Si ratio and (b) median grain
diameter (D50) for actively transported river sediment (gray circles) and floodplain deposits
(squares). Floodplains deposits are color-coded by depositional age and symbol size indicates
sample depth below surface. Solid squares show measured Corg, and open squares show
calculated allocthonous POC (Callo) in floodplain samples. In cases where Corg = Callo, only solid
squares are shown. Error bars show standard deviation from replicate measurements, and are
smaller than the symbol size when not shown. Floodplain deposit FP09 is ommitted from the
figure as we have only a minimum a constraint (150 y) on its age.
Figure S7: Comparison of particle size distributions for the two oldest floodplain deposits (FP14
and FP15).
Tables (available as a single .xlsx file with tables in inidividual tabs)
Table S1: Particulate radiocarbon fraction modern (Fm), organic carbon weight percent (Corg),
total nitrogen (TN) and stable carbon isotope values (δ13Corg) for river and floodplain sediment.
Replicate columns of Corg, δ13C, and TN show measurements collected in individual runs. We
use the mean and standard deviation of these measurements in all figures. River distance refers to
the straight line distance downstream from the junction of the Rio San Francisco. Specific
Surface Area measurements from Repasch et al. (2020).
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Table S2: Optically stimulated luminesce and radiocarbon dating results for floodplain deposits
(as reported in Repasch et al. (2020)). OSL analysis used quartz of 63 - 90 µm, 2 mm aliquots
and the central age model (CAM (Galbraith et al., 1999)).
Table S3: Comparison of organic carbon weight percent (Corg) and stable carbon isotopes before
and after rinsing samples in H2O2. We calculate maximum possible petrogenic organic carbon
weight percent, Corg_petro, after H2O2 rinsing following Eq. (S1). River distance indicates the
distance downstream from the junction with the Rio San Francisco junction. Samples with
negative river distances are bedload from the Rio Bermejo and Rio San Francisco upstream of
the junction of the two rivers. D50 indicates median grain size.
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Figure S1: Example photos of cored floodplain deposits, labeled by floodplain ID and minimum and
maximum deposit ages (Table 1).
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Figure S3: Particulate organic carbon weight percent (Corg ) (top row), stable carbon isotopic composition (δ13Corg)
(middle row), and radiocarbon fraction modern (Fm) (bottom row) for actively-transported suspended and bedload
sediment collected in the Rio Bermejo (a and c) and floodplain deposits (b and d) versus median particle size (D50)
(a and b) and Al/Si ratio (c and d). In panels (a and c), color and symbol groupings indicate distance downstream
from the junction with the Rio San Francisco, while in panels (b and d) color and symbol show floodplain depositional age. Error bars show standard deviation from replicate measurements and are smaller than the symbol size
where not shown.
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Figure S4: Estimate of Corg_petro from suspended and bedload sediments following (a) Galy et al.
[2008a] and (b) with a simple mixing model. Insets show enlarged version of the gray-shaded area in
the main plot. Corg error bars denote standard deviation of multiple measurements, Fm error is analytical uncertainty, and error on the product Corg x Fm is propagated assuming random and uncorrelated
error in Corg and Fm (Table S1). Error bars are smaller than the symbol where not shown. (c) Estimate
of the fraction of petrogenic organic carbon to total organic carbon (Corg_petro/Corg) and (d) Corg_petro
calculated following Eq. (S1) for samples with Corg<0.04%. In all panels, squares are floodplain sediment, circles are river sediment, and samples are split between upstream portions of the Rio Bermejo
(<300 km straight-line distance from the Rio San Francisco junction) and downstream portions of the
Rio Bermejo (>300 km straight-line distance from the Rio San Francisco junction).
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Figure S5: Floodplain depth profiles of median grain size (D50) and Al/Si ratio as a function of depth
below the surface. (a and b) Show all profiles of D50 and Al/Si, respectively, on the same plot,
color-coded by floodplain age. (c and d) Highlight individual profiles of D50 and Al/Si, respectively, for
each floodplain core (black line) with profiles from other floodplain cores in gray. Axis extent of
individual profiles in (c) and (d) match extent shown in (a) and (b), respectively. Error bars are removed
for clarity, but are reported in Table S1. Box and whisker plots in (a) and (b) show median, inter-quartile range, and full extent of values observed in actively transported river sediments.
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Figure S6: Comparison of POC weight percent (Corg) versus (a) Al/Si ratio and (b) median grain diameter (D50) for actively
transported river sediment (gray circles) and floodplain deposits (squares). Floodplains deposits are color-coded by depositional age and symbol size indicates sample depth below surface. Solid squares show measured Corg, and open squares show
calculated allocthonous POC (Callo). In cases where Corg= Callo, only solid squares are shown. Error bars show standard
deviation from replicate measurements, and are smaller than the symbol size when not shown. Floodplain deposit FP09 is
ommitted from the figure as we have only a minimum a constraint (150 y) on its age.
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Figure S7: Comparison of particle size distributions for the two
oldest floodplain deposits (FP14 and FP15).

