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Abstract Shales contain high levels of organic carbon (OC) and represent a large fraction of the Earth's
reduced carbon stocks. While recent evidence suggests that shale‐derived OC may be actively cycled in
riverine systems, this process is poorly understood and not currently considered in global Cmodels. Through
the use of sediment density fractionations, extractions, radiocarbon measurements, and chemical
characterization, we provide information on the abundance, chemistry, and mobility of shale‐derived OC in
floodplain sediments of a shale‐rich mountainous watershed. The heavy fraction of the sediment,
representingmineral‐associated OC, is the largest (84 ± 6% of TOC) and oldest (Δ14C values−224 to−853‰)
OC pool. Evidence of shale‐derived OC is observed in all sediment C pools (i.e., occluded light fraction,
water‐soluble, and pyrophosphate‐extractable) except the free light fraction, which is entirely modern.
Relatively consistent chemistry was observed across samples for extracted and density‐separated OC, despite
wide ranges of Δ14C values. Carbon spectroscopy revealed that floodplain sediments had a higher degree of
functionalized aromatic groups and lower carbonate content compared to shale collected nearby,
consistent with chemical alteration and mixing with other C sources in the floodplain. We estimate that
approximately 23–34% of sediment OC is derived from shale, with implications for other shale‐derived
elements (e.g., N). This study demonstrates the important contribution of shale‐OC, particularly in
environments with low litter inputs. The large impact of radiocarbon‐dead shale‐OC, which has a thermally
altered chemical structure distinct from plant litter, on Δ14C values and reactivity of sediment‐OC must
be considered.

Plain Language Summary Shales contain high levels of organic carbon (OC) and represent a
large fraction of the Earth's total carbon stocks. While recent evidence suggests that shale‐derived OC,
which is millions of years old, may be actively cycled in riverine systems, this process is poorly understood
and not currently considered in global C models. In this study, we analyze sediments collected from the
floodplain of the East River, CO, located in a high‐elevation mountainous watershed underlain by shale
bedrock, to determine the importance and mobility of shale‐derived OC in this environment. OC closely
associated with sediment minerals is the largest (84 ± 6%) and oldest OC pool, containing a large, but
variable, amount of shale‐derived OC. Evidence of shale‐derived OC is also observed in other sediment OC
pools which are considered to be more mobile and more easily degraded to carbon dioxide by bacteria
(e.g., water‐soluble). This study concludes that there are two primary OC sources in floodplain sediments,
plant‐litter and shale‐derived OC, each with distinct chemical characteristics and reactivity. We estimate
that 23–34% of the sediment OC is derived from shale, demonstrating the important contribution of
shale‐OC to the carbon cycle at this site, particularly in environments with low plant‐litter inputs.

1. Introduction

Sedimentary rocks, such as shale, can contain high levels of organic matter [1–25% organic carbon by weight
in weathered and unweathered shales (Petsch et al., 2000)] and represent a large reservoir of the Earth's
reduced carbon and total nitrogen stocks (Berner, 1987; Houlton et al., 2018). Erosion and chemical weath-
ering can mobilize shale‐derived organic matter into other compartments, such as soils, alluvial sediments,
rivers, lakes, and eventually oceans, through transport of suspended sediments. Evidence of mineral‐bound
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ancient organic carbon (OC) transport has been observed in modern river and marine systems (Blair et al.,
2003; Goñi et al., 2005; Komada et al., 2004; Komada et al., 2005; Leithold et al., 2006; Raymond & Bauer,
2001a, 2001b). Transport of ancient OC may be greater in small mountainous rivers, where erosion rates
are relatively high compared to larger and lower elevation rivers (Blair et al., 2003; Komada et al., 2004;
Leithold et al., 2006). Galy et al. (2015) found that physical erosion rate exerts primary control over ancient
(or petrogenic) OC transport to oceans, and estimated that ancient OC accounts for 22% of the global parti-
culate organic carbon flux to oceans. Similarly, evidence of rock‐derived N as a major source of N to soils and
plants has recently been established and may be particularly important in montane systems where rock ero-
sion rates are high (Houlton et al., 2018).

Organic matter in shale is derived from the remains of biological material of diverse origin that became
incorporated into sediments during deposition and then underwent diagenesis (Petsch, 2017). Shale organic
matter can be divided into two operationally defined pools, kerogen and bitumen, representing the insoluble
and soluble fractions of organic matter, respectively, with kerogen making up >80% of shale organic matter
(Petsch, 2017). Although shale kerogen is often considered to be refractory, evidence of dissolution and oxi-
dation of shale‐derived OC has been observed in shale weathering profiles (Leythaeuser, 1973; Petsch et al.,
2000; Petsch et al., 2001) and in high dissolved organic carbon concentrations emanating from shales
(Morrison et al., 2012; Schillawski & Petsch, 2008). Shale‐derived OC contains no radiocarbon (14C) due
to radioactive decay over millions of years; thus, radiocarbon measurements can be used to distinguish
between OC recently fixed from the atmosphere and ancient shale‐derived OC. Incorporation of 14C
depleted OC into biomass has been observed both in zooplankton in the Hudson River (Caraco et al.,
2010) and microbes isolated from black shale (Petsch et al., 2001), providing evidence that kerogen may
be susceptible to biological assimilation and mineralization.

In mountainous watersheds, rivers transport both mineral and organic matter from steeper terrain and
deposit it into floodplains where river water moves more slowly, meandering across broad unconfined val-
leys (Sutfin et al., 2016; Wohl et al., 2012). The floodplains of meandering rivers are biologically and
hydrologically dynamic zones that are built upon alluvium and may serve as a large sink for carbon
(Sutfin et al., 2016; Wohl et al., 2012). There are three primary sources of organic matter in floodplain sedi-
ments: (1) river‐deposited organic detritus (e.g., plant debris), (2) litter input from riparian‐zone vegetation,
and (3) mineral‐associated organic matter deposited by the river (i.e., from erosion of upland soils and
rocks). In a shale‐dominated landscape, alluvium containing shale kerogen and kerogen‐containing shale
bedrock (underlying alluvium) may be additional sources of OC. While little is known about the relative
abundance of shale‐derived OC in floodplain sediments, Blattmann et al. (2019) estimated that 30% of the
OC buried and sequestered in a perialpine lake is derived from petrogenic OC. Estimates of global ancient
OC storage in terrestrial freshwater basins range from 18 to 27 Tg OC/year (Blattmann et al., 2019;
Meybeck, 1993). Shale‐derived kerogen and vegetation‐derived organic matter each have distinct initial
chemical characteristics and potentially different reactivity, which may affect their ultimate fate in the river
system with respect to storage, mineralization, and degradation. In large river basins with extensive flood-
plains (e.g., Ganges‐Brahmaputra and Amazon) 30–50% of the ancient OCmay be mineralized during trans-
port to oceans (Bouchez et al., 2010; Galy et al., 2008), while river systems with rapid transport times show
minimal mineralization of ancient OC (Blair et al., 2003; Kao et al., 2014).

In this study, we focus on sediments located in a floodplain of the East River, a mountainous watershed
located in the Rocky Mountains near Gothic, CO, USA. Cretaceous Mancos Shale is the predominant form
of bedrock across the East River watershed (Gaskill et al., 1991). The goals of this study were to (1) determine
the relative abundance of shale‐derived and plant‐derived OC in floodplain sediments and (2) provide infor-
mation on the relative chemistry and mobility of these two sources of OC within floodplain sediments.
Sediment cores were collected along transects across an active and cutoff meander in the floodplain of a
meandering section of the East River. The sampling locations represent a range of floodplain environments
with differing degrees of deposition, erosion, and soil development. The sediments were subjected to density
separations in order to separate the plant litter‐derived OC from mineral‐associated OC. Chemical extrac-
tions of sediments provided information on the mobility and chemical associations of the OC.
Radiocarbon measurements were used to determine the 14C age of the OC and provide information on
the relative abundance of modern plant‐derived and ancient shale‐derived OC. Samples were
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characterized using a variety of techniques, including C and N content, δ13C values, Fourier transform
infrared spectroscopy (FTIR), and C spectroscopy (scanning transmission X‐ray microscopy [STXM] and
near‐edge X‐ray absorption fine structure spectroscopy [NEXAFS]) to provide information on the
chemistry of the various pools of OC.

2. Materials and Methods
2.1. Field Site Description and Sediment Sampling

The field site is located in a high‐elevation, mountainous watershed of the East River located near Gothic,
CO, USA. This watershed is the location of the Watershed Function Scientific Focus Area (SFA) led by
Lawrence Berkeley National Laboratory (Hubbard et al., 2018). Sediment samples were collected from the
floodplain of a meandering reach of the East River (Lower Montane Floodplain site) at an elevation of
2,760m. The floodplain valley is approximately 200mwide in this location, with the river meandering across
nearly the entire valley (Falco et al., 2019; Wainwright & Williams, 2017). Sediments were collected along
transects across an active (Meander C) and cutoff (Meander O/oxbow) meander (Figure 1) in September
2016 and July 2016, respectively. Cores were collected from the cut bank (upstream location; MOP‐1,
MCP‐1), middle (MOP‐2, MCP‐3), and point bar (downstream location; MOP‐3, MCP‐5) in both meanders
and a wetland section of the oxbow located in the former river channel (MOP‐4). The official SFA project
designations (numbers) are included here to allow the reader to reference other data and information

Figure 1. Aerial images of East River floodplain from (top) June 2006 before the oxbow was cut off and (bottom)
October 2015 after the oxbow was cut off showing core locations. Sediment cores in Meander C were collected from
the cut bank (MCP‐1), middle (MCP‐3), and point bar (MCP‐5). Sediment cores in Meander O (oxbow) were collected
from the cut bank (MOP‐1), middle (MOP‐2), point bar (MOP‐3), and the wetland formed in the old river bed (MOP‐4).
The location of the hillslope shale core (PLM‐6) is also indicated.
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from these locations that may be available currently (e.g., Dwivedi et al., 2018) or in the future; the reader is
referred to the SFA website (watershed.lbl.gov) for current data availability and publications. GPS coordi-
nates for all sampling sites can be found in Table S1 in the supporting information. The oxbow was cut off
between 2006 and 2011 when water broke through the neck of the meander (dated from historical aerial
imagery; Figure 1). The oxbow becomes filled with water and is hydrologically connected to the main river
channel during periods of peak discharge during the spring snowmelt (May–July). During periods of low
discharge (approximately August–April), the oxbow channel drains leaving isolated patches of standing
water. The wetland location is located in one of these permanently wet sections in the former river channel
and is vegetated with marsh plants. Portions of both the active meander (Meander C) and the oxbow
(Meander O) floodplains may become saturated annually during periods of peak discharge when the river
overflows its banks. Vegetation is dominated by mountain willow in both Meander O and Meander C, with
some American dwarf birch, Potentilla, and grasses (Falco et al., 2019). In both locations, sediment profiles
consist of a layer of fine‐grained material (<2 mm) ranging from 20 to 90 cm deep overlaying coarse‐grained
alluvium (sand, gravel, and cobbles). Alluvial materials are underlain by weathered shale at depth of
approximately 1–2 m. The riverbed in the reach of the river being studied consists of a relatively thin
(<1 m) layer of coarse alluvium underlain by weathered shale.

Sediment samples were collected in approximately 15‐cm increments using a 5‐cm‐diameter soil core
sampler (with slide hammer) until coarse alluvium was reached. After reaching coarse alluvium, sedi-
ment was sampled using an 8.3‐cm‐diameter bucket auger. Sediment samples were placed in polyethy-
lene bags, sealed into aluminized biaxially oriented polyethylene terephthalate (Mylar™) bags
containing O2 absorbers (IMPAK™ Corporation), shipped to the laboratory, and stored at 4 °C until
processing in order to preserve anaerobic conditions observed in some cores. Sediment samples were
then sieved through a 2‐mm sieve under field‐moist conditions in a Coy anaerobic chamber filled with
a gas mixture of 97% N2 and 3% H2. All analyses were performed on the <2‐mm sediment fraction.
Note that STXM analyses were performed on separate cores collected nearby representing the cut bank
and middle of the meander.

Shale samples were collected from a hillslope location adjacent to the floodplain site (Figure 1; SFA name
PLM‐6) and from a shale outcrop on Gothic road (SFA name GRO). At the hillslope, a continuous vertical
core to a depth of approximately 10 m below ground surface was collected using a track‐mounted drill rig
and a 0.14‐m‐diameter ODEX drilling bit. A shale weathering profile was observed from 1 to 3 m below
ground surface. The sample denoted “Pristine” was subsampled from a piece of solid core at a depth of 9
m. Between 2 and 3 m below ground surface, numerous fractures were observed along with iron oxide dis-
coloration. The sample denoted “Weathered” was subsampled at a depth of 2.7 m from within the weather-
ing region of one such fracture surface. At the GRO site, a horizontal core 1 m above the ground surface and
approximately 1 m long was collected from the outcrop using a hand drill with a 24.5‐mm‐diameter diamond
drilling bit using water as a drilling fluid. The sample denoted “Top” was taken from the exposed section of
the core, which exhibited signs of weathering such as iron oxide discoloration. The samples denoted
“Middle” and “Bottom” were subsampled at depths of approximately 40 and 80 cm in the core.

A summary of the various processing and analytical techniques applied to the shale and sediment samples is
shown in Figure S1 in the supporting information.

2.2. Density Fractionations

Sieved sediment samples were separated into three density fractions using the methods described by
McFarlane et al. (2013), which was a modified version of the methods described by Golchin et al. (1994)
and Swanston et al. (2005). This method yields three fractions, a free light fraction (FLF) representing unpro-
tected OC, an occluded light fraction (OLF) representing OC physically protected inside aggregates, and a
heavy fraction (HF) representing OC closely associated with sediment minerals, including shale kerogen.

Sediments were separated by density using low C and N sodium polytungstate (SPT‐0, Geoliquids, Inc.)
adjusted to a density of 1.65 g/mL. Of the SPT, 80 mL was added to 20 g of air‐dried sediment, the bottle
was gently inverted to wet all sediment, and samples were allowed to sit for 1 hr. Samples were then centri-
fuged at 4,710×g for 1 hr in a swinging bucket rotor. The floating material (FLF) was aspirated and rinsed
thoroughly with MilliQ water to remove residual SPT. Sediment remaining at the bottom of the bottle was
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mixed in SPT for 1 min at 1,700 rpm using a benchtop mixer (G3U05R, Lightnin, New York, NY) and soni-
cated in an ice bath for a total input of 100 J/mL (Branson 450 Sonifier, Danbury, CT) to disrupt aggregates.
The sonifier output energy was calibrated according to Schmidt et al. (1999). The sample was allowed to sit
for 1 hr, then centrifuged as above, and allowed to sit overnight. The floating material (OLF) was then aspi-
rated and rinsed thoroughly as above. The remaining sediment is the HF, and was repeatedly rinsed with 150
mL of 0.15 M CaCl2 and 0.01 M HCl. This dilute solution was used in place of MilliQ water to ensure sedi-
mentation of clay particles during washing and centrifugation. After rinsing, all samples were transferred to
preweighed aluminum tins and dried at 55 °C until all standing water had evaporated, then dried at 105 °C
for 48 hr. Samples were weighed and ground either in a ball mill with tungsten‐carbide balls (FLF andHF) or
by hand in an agate mortar and pestle (OLF).

2.3. Sediment Extractions and OC Isolation

Sediment samples were extracted in order to provide information on the mobility and associations of
sediment‐associated OC. A sequential extraction using 0.01 M NaCl followed by 0.1 M sodium pyropho-
sphate (PP) was used to extract the water‐soluble and metal‐complexed OC, respectively, based on the
method of Fox et al. (2017). A separate extraction using 0.5 M HCl was used to extract acid‐soluble
OC. Sediment‐free method blanks were run and analyzed for dissolved OC for each extraction in the
same manner as samples in order to check for contamination; dissolved OC in blanks was below the
detection limit (0.2 mg/L) for all extractions and no solid was observed for blank extractions which
were freeze‐dried.

The sequential NaCl‐PP extractions were performed as described by Fox et al. (2017), except that 0.01 M
NaCl was used in place of the MilliQ water to more closely mimic the pore water ionic strength found
in the field. Approximately 30 g of field‐wet sediment was weighed into a 300‐mL polycarbonate bottle
and 150 mL of 0.01 M NaCl was added and allowed to mix for 20 hr. Samples were then centrifuged
(25,000×g for 30 min) and the solution was filtered through a 0.22‐μm filter (Acrodisc Supor). The
remaining sediment was then extracted with 150 mL 0.1 M sodium pyrophosphate (pH 10) for 20 hr,
then centrifuged, and filtered in the same manner as the NaCl extraction. A portion of the NaCl and
PP extracts was retained for ICPMS and dissolved organic carbon analysis. NaCl extracts were acidified
to pH 2 with 1 M HCl, bubbled with ultrahigh‐purity N2 gas to remove all inorganic carbon, and freeze
dried. PP extracts were acidified to pH 2 with 6 M HCl and were allowed to sit overnight to ensure that
OC precipitation was complete, then centrifuged at 20,000×g for 30 min. The supernatant (containing
acid‐soluble OC) was carefully removed to a clean bottle. The precipitated OC was transferred to pre-
rinsed 1‐kDa dialysis tubing (Spectra‐Por 7) using approximately 7 mL of 0.012 M HCl (pH 2) and dia-
lyzed against 0.012 M HCl for approximately one week in 1‐L glass bottles, changing dialysis solution
daily, then freeze‐dried. This represents the PP >1‐kDa fraction. PP samples containing acid‐soluble
OC were pumped through a preconditioned solid‐phase extraction (SPE) column (Agilent Bond‐Elut
PPL, 200 mg) using a peristaltic pump with Tygon MHLL pump tubing and eluted with 5 mL methanol
into a glass vial according to Dittmar et al. (2008). Samples were then placed in a vacuum desiccator to
remove all methanol, redissolved in 5‐mL MilliQ water, and freeze‐dried. This represents the PP‐
SPE fraction.

For HCl extractions, approximately 3 g of field‐wet sediment was weighed into a 50‐mL polypropylene
centrifuge tube and 15 mL of 0.5 M HCl was added in a Coy anaerobic glove bag (97% N2, 3% H2).
Samples were mixed on an end‐over‐end sample rotator for 20 hr, then centrifuged (10 min at
7,000×g), and filtered through a 0.22‐μm PVDF filter. Extractions were performed in duplicate and
the average and standard deviation of the replicate extracts is reported. OC was isolated from selected
HCl samples using SPE columns in the same manner as PP‐SPE samples.

Total free iron oxide content was determined on the sediment using the citrate‐bicarbonate‐dithionite
method (CBD). Air‐dried sediment samples were ground to <125 μm in a ball mill using tungsten‐carbide
balls and then extracted with 0.3 M sodium citrate, 0.1 M sodium bicarbonate, and sodium dithionite (added
in two 0.5‐g portions) at 80 °C on duplicate samples (Loeppert & Inskeep, 1996). The extracts were then fil-
tered through a 0.45‐μm PVDF syringe filter and analyzed for Fe. Extractions were performed in duplicate
and the average and standard deviation of the replicate extracts is reported.
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2.4. Analytical Procedures
2.4.1. Extracted Organic Carbon and Metals
Organic carbon concentrations were determined in extract solutions by nonpurgeable organic carbon on a
Shimadzu TOC‐V analyzer. Samples were acidified with HCl and purged with N2 in order to remove inor-
ganic carbon prior to analysis. Metal concentrations in extract solutions were measured by ICP‐MS
(Perkin‐Elmer Elan DRC II). Samples were diluted with ultrapure 0.16M nitric acid and spiked with internal
standards prior to ICP‐MS analysis. All data are expressed in terms of air‐dry sediment weight.
2.4.2. Solid Phase Organic Carbon and Nitrogen
OC, total nitrogen (N), and δ13C were measured on sediment samples and sediment density fractions (FLF,
OLF, and HF). Organic fractions (FLF and OLF) were measured directly without any pretreatment.
Sediment samples (bulk and HF) were air‐dried and crushed to a fine powder in a ball mill using
tungsten‐carbide balls. Approximately 1 g of dried and ground sediment was treated with ~2 mL of 0.6 M
HCl for 8 hr to remove inorganic carbon. The sediment was then washed twice with 40‐mL MilliQ water
and dried. After drying, the sediment was crushed and homogenized using a mortar and pestle prior to ana-
lyzing for OC, N, and δ13C. Either 30 mg (HF and bulk) or 1 mg (FLF and OLF) of dried sample was weighed
and sealed in a Sn capsule. OC, N, and δ13C for all samples were determined on an ECS 4010 Elemental
Analyzer (Costech Analytical Technologies Inc., Valencia, USA) coupled to a Delta Vplus isotope ratio mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). C/N ratios are calculated on a mass basis.
Samples were analyzed in duplicate, and the average and standard deviation is reported.

Whole sediment samples (air‐dried and milled) were also analyzed for total carbon and inorganic carbon
(IC) on a Shimadzu TOC‐V analyzer equipped with a solid sampling module by catalytically aided combus-
tion oxidation at 900 °C (total carbon) and thermally aided oxidation at 200 °C after 20% phosphoric acid
addition (IC). OC was determined by difference between total carbon and IC. Samples were analyzed in
duplicate, and the average and standard deviation is reported.
2.4.3. Radiocarbon
Radiocarbon measurements were performed on ball‐milled bulk sediments, sediment density fractions, and
extracted OC (freeze‐dried NaCl, PP‐SPE, and PP >1 kDa). Bulk sediment and sediment HF were treated by
acid fumigation with HCl vapors for 48 hr in a vacuum desiccator, then dried at 60 °C for 24 hr, and stored in
a vacuum desiccator in order to remove inorganic carbon prior to radiocarbon analysis (Ramnarine et al.,
2011). All samples were graphitized in the Houghton Carbon, Water and Soils Lab (USDA‐FS Northern
Research Station) according to Vogel et al. (1987) and radiocarbon measurements were conducted in 2018
at the DirectAMS facility in Bothell, WA, using an accelerator mass spectrometer (Zoppi et al., 2007). All
results have been corrected for isotopic fractionation according to the conventions of Stuiver and Polach
(1977), using δ13C values measured on prepared graphite using the accelerator mass spectrometer. Two con-
trol samples were analyzed, including radiocarbon‐free wood (Queets‐A; Southon & Magana, 2010), which
was used for background subtractions, and a modern‐carbon standard (ANU sucrose; Srdoc et al., 1979).
Both control samples were suspended in MilliQ water and freeze‐dried in the laboratory, then graphitized,
and analyzed for radiocarbon in the same manner as samples. No evidence of ancient‐C contamination was
observed in the modern‐carbon standard. Radiocarbon abundances are presented in units of Δ14C, following
the conventions of Stuiver and Polach (1977). The fraction of modern standard (FM) and conventional radio-
carbon age are also calculated according to Stuiver and Polach (1977), with conventional radiocarbon age in
radiocarbon years using the Libby half‐life of 5,568 years. Error terms for radiocarbon measurements repre-
sent analytical error for the accelerator mass spectrometer measurement.

2.4.4. Carbon NEXAFS/STXM
To determine the relative abundance of specific C functional groups and degree of oxidation, shale samples
were analyzed using C (1 s) NEXAFS at the Canadian Light Source in Saskatoon, Canada. Individual sam-
ples were gently ground by hand to break up large aggregates, slurried in deionized water, and pipetted onto
In foils. After drying, C NEXAFS spectra were obtained using the spherical grating monochromator beam-
line 11ID‐1 (Regier et al., 2007). Step scan mode (0.25‐eV steps from 270 to 320 eV) was used to minimize X‐
ray damage. A dwell time of 20 ms was used between scans. Individual spectra were collected at new loca-
tions on each sample for a total of 40 to 60 scans. The beamline exit slit was set at 25 mm, and the fluores-
cence yield data were collected using a two‐stage microchannel plate detector. The resulting spectra were
averaged for each sample and the averaged spectrum was baseline‐normalized to zero and subsequently
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normalized to the beamline photon flux (Io) from a separate Au reference foil. Each spectrum was calibrated
to the carboxylic acid peak (288.5 eV) of a citric acid standard. Pre‐edge (270–278 eV) and post‐edge (310–320
eV) and an E0 (290 eV) values were used to perform an edge‐step normalization in Athena (Demeter version
0.9.25, 2006–2016; Ravel & Newville, 2005).

STXM analyses were conducted at beamline SM 10ID‐1 of the Canadian Lights Source in Saskatoon,
Canada. Sediment samples were suspended in MilliQ water (1:10 soil:solution mass ratio) and an aliquot
of 1 μL was drop deposited on Si3N4 windows (Silson) and dried under vacuum. The sample chamber for
STXM image collection was He‐filled to minimize attenuation of the soft X‐rays. The energy was calibrated
at the C 1s edge using the 3p Rydberg peak of gaseous CO2 at 292.74 and 294.96 eV (Ma et al., 1991). Image
sequences (also called “stacks”) across the C K‐edge were collected from regions of interest containing
representative collections of particles for all samples. Image stacks were recorded across the C K‐edge
(278–330 eV) with dwell times of 1 ms and a spatial resolution of 35–50 nm. Clean areas of the Si3N4 mem-
brane were used to normalize the transmission signal obtained from analyzed regions of interest.
Transmission images at energies below and at the relevant absorption edge energies were converted into
optical density (OD) images [OD = ln(I0/I), with I0 being the incident photon flux and I the transmitted
flux]. C NEXAFS spectra were extracted from the STXM stacks using Axis and then processed similarly
to the bulk carbon spectra as described below.

Both bulk C NEXAFS spectra and the spectra extracted from the STXM data were processed in Athena.
The pre‐edge and post‐edge contributions were subtracted using a linear function with coefficients chosen
in order to minimize differences between the spectra in the energy range between 280 and 295 eV. The
post‐edge shape of the bulk shale spectra differed somewhat from the STXM spectra largely due to a large
contribution from both carbonate and K peaks in the bulk spectra. Once normalized, all spectra were fit
through the same process of spectral deconvolution in Athena. An arctangent function centered at 291 eV
(width 0.5) was used to represent the edge step and two broad Gaussian functions centered at 292.5 and
300.7 eV (width 3) were used to represent the sigma bonding contributions to the spectra. The pi* transi-
tions were represented by a series of eight Gaussian functions all with width 0.5 and energies shown in
Table S2. During the fitting procedure the widths and positions of all functions were held constant and
only the heights were allowed to vary. The sum of the total area of the eight peaks shown in Table S2
was used to normalize the contribution of each individual peak and normalized data are reported. The
energy positions chosen were based on previous studies (Brandes et al., 2010; Cody et al., 1998; Francis
& Hitchcock, 1992; Hitchcock et al., 1992) because of the importance of resonances in the aromatic
and carbonate structures. The two resonances in Table S2 both listed as Functionalized Aromatic (carbo-
nyl substituted) were maintained as separate peaks because of the visible contribution of resonances in
that region in the spectra. Both spectral energies fall in the range of aromatic rings functionalized by dif-
ferent election withdrawing carbonyl structures, often referred to as aromatic ketone groups. A more
detailed assessment of those two peaks was not attempted and they are grouped together in the discussion
as functionalized aromatics.
2.4.5. FTIR and UV Spectroscopy
Soluble OC extracts were analyzed by UV‐Vis absorption on a Thermo Scientific Aquamate Plus spectro-
photometer over the 200–800‐nm wavelength range in a 1‐cm quartz cuvette, using a 1‐nm step size.
Specific UV absorbance (SUVA254) values were calculated by dividing the absorbance at 254 nm (in
m−1) by the OC concentration (in mg/L). Freeze‐dried sediment extracts and ball‐milled density fractions
of sediment were analyzed by ATR‐FTIR (attenuated total reflection Fourier transform infrared spectro-
scopy) using a Thermo Scientific Nicolet iS50 FTIR equipped with a single‐bounce diamond crystal.
Samples were analyzed using a liquid‐N2 cooled MCT/A detector from 650 to 4,000 cm−1, with 64 scans
each. A background spectrum (air) was collected immediately prior to each sample. Atmospheric suppres-
sion, ATR correction, baseline correction, and intensity normalization were performed on background‐
corrected sample spectra using OMNIC software. Peak assignments are from Stevenson (1994) and Baes
and Bloom (1989).

2.5. Statistical Analysis

One‐way repeated measures analysis of variance was used to determine whether C/N ratios, δ13C values,
and Δ14C values were significantly different across density fractions (FLF, OLF, HF, and bulk). When
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significant difference (p < 0.05) was observed, pairwise comparison across density fractions was
performed using the Holm‐Sidak method. Correlation was determined using the Pearson Product
Moment correlation method using a p value of 0.05. All statistical analyses were performed using
SigmaPlot software (Systat, Inc.).

3. Results
3.1. Organic Carbon, Nitrogen, and 14C

Concentrations of OC, N, and Δ14C for whole sediments are shown in Figure 2. OC and N concentrations are
highly correlated for all samples (R = 0.79, p < 0.001), suggesting that most N is organic. The C/Nmass ratio
ranges from 7.3 to 13.4, with an average and standard deviation of 9.8 ± 1.7 for all samples.Δ14C values range
from −909 to −141‰ and generally decrease with depth, except for the two point bar locations, which are
uniform with depth. Shale‐derived OC is essentially 14C‐free (Δ14C of approximately −1000‰) due to radio-
active decay over millions of years; thus, Δ14C values less than −800‰ indicate a large proportion of shale‐
derived OC. The point bar locations are less vegetated and have less fine‐grained material (Figure 3)

Figure 2. (a and b) Organic carbon (OC; solid lines and symbols) and nitrogen (N; dashed lines). (c and d)Δ14C values, for
oxbow and Meander C sediments as a function of depth. The Δ14C and fraction modern values are shown for 14C mea-
surements. Oxbow location symbols and colors are the same for (a) and (c) and Meander C locations are the same for (b)
and (d).
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compared to the cut bank or middle of the meanders due to more recent deposition of sediments. The
sediments in the oxbow wetland location (MO‐wetland) also have highly depleted Δ14C values below 30
cm. This wetland is located in the former river bed and contains a relatively thin layer of fine‐grained
sediment (0–30 cm) deposited on top of coarse alluvium. Concentrations of inorganic carbon range from 0
to 1.3% in bulk sediment (Figure S2), with higher IC concentrations generally present in the point bar
(MO and MC) and MO‐wetland locations.

3.2. Density Fractionations: OC, N, and Isotopes

Selected sediment samples were subjected to density fractionation in order to determine the amounts of OC,
N, and 14C present in mineral associated (HF) and light OC (FLF, OLF) fractions. The light fractions repre-
sent organic fractions of the sediment composed primarily of plant litter, where the OLF is occluded within
aggregates, while the FLF is “free.” The mineral fraction (or heavy fraction, HF) contains OC adsorbed to, or
otherwise intricately associated with, mineral particles. Samples from the middle positions of Meander C
and the Oxbow were chosen for this analysis in order to provide a contrast with depth for the two locations
along with three additional samples from nearer the sediment surface. These samples cover a wide range in
observed bulk sediment OC and Δ14C (0.7–4.2% OC and −742 to −141‰ Δ14C). Concentrations of OC, N,
and C isotopic values are shown for each density fraction in Table 1. Total mass recovery in density fractio-
nations was 98–101%. Total recoveries of OC in density fractions ranged from 82 to 97%, except for the dee-
pest MC‐middle sample (100–110 cm), for which 67% of the OC was recovered. Recoveries of N in density
fractionations ranged from 82 to 104%.

The largest amount of OC and Nwas recovered in the HF (average across all samples of 84 ± 6%OC and 95 ±
3% N), followed by OLF (11.5 ± 5.2% OC and 4.2 ± 3.1% N) and FLF (4.8 ± 2.3% OC and 1.3 ± 0.7% N), as
shown in Figure 4. The fraction of OC found in the light fractions decreased with depth for MO‐middle,
while OC in the heavy (mineral‐associated) fraction increased with depth. The same is true for N, although
the effect is less pronounced due to a larger fraction of the N present in the HF compared to OC. However, no
depth trends in the distribution of OC and N among fractions were observed for MC‐middle.

OC concentrations averaged 33.2 ± 3.3, 35.2 ± 3.6, and 1.06 ± 0.14% across all samples for the FLF,
OLF, and HF, respectively, while N concentrations averaged 0.99 ± 0.09, 1.39 ± 0.23, and 0.14 ±
0.06% for the FLF, OLF, and HF, respectively. The resulting C/N ratios show a decrease from FLF
(33.5 ± 3.6) to OLF (26.0 ± 5.1) to HF (7.3 ± 0.8). The C/N ratios of the fractions are significantly dif-
ferent from one another (p < 0.001) and significantly different from the bulk C/N (9.2 ± 1.2), with the
exception of the HF and bulk, which are not significantly different (Table 2). The δ13C values varied

Figure 3. Sediment texture expressed in terms of weight fraction <2mmas a function of depth for (a) Meander O (Oxbow)
and (b) Meander C.
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over a narrow range across samples, with FLF being significantly lighter (p < 0.001) from all other
fractions (−26.37 ± 0.50, −25.60 ± 0.48, and −25.58 ± 0.35 for FLF, OLF, and HF, respectively); no
other significant differences were observed in δ13C values.

The Δ14C values also decrease from FLF to OLF to HF (Table 1 and Figure 5). The FLF values range from
−44.6 to 184.0‰, corresponding to almost entirely modern carbon (fraction modern 0.96–1.10). The OLF
Δ14C values range from −348.6 to 28.2‰, corresponding to a fraction modern of 0.66 to 1.04, and the HF
Δ14C values range from−853 to−224‰, corresponding to a fractionmodern of 0.15 to 0.78. In all cases except
forMO‐middle, 45–60 cm, theHF has a lowerΔ14C value (older) than for the bulk sediment. If we exclude the
Δ14C for this HF sample as an outlier, then the FLF‐OLF andHF‐bulk fraction pairs are significantly different
from one another at the p < 0.1 level, and all other pairs are significantly different at the p < 0.001 level
(Table 2). The Δ14C values of all density fractions generally decrease with depth for both the MC‐middle
and MO‐middle sediments (Figure 5).

Correlations between several variables of the sediment density fractions were performed in order to elu-
cidate the controls on OC concentrations and ages in each fraction. These correlations are shown, along
with the correlation coefficients and p values, in Figure 6. For the HF, the CBD‐extractable Fe is posi-
tively correlated with the OC content, and HF Δ14C values are positively correlated with both the C/N
ratio and OC content of the HF. By contrast, the Δ14C values of the OLF are negatively correlated with

Table 1
Organic Carbon and Nitrogen Concentrations and δ13C and Δ14C Values in Bulk Sediment and Density Fractions of Sediment

Location Depth (cm) Fraction OC (%) N (%) C/N δ13C (‰) Δ14C (‰)

MC‐cut bank 29–43 bulk 1.15 ± 0.00 0.13 ± 0.00 8.7 ± 0.1 −25.8 ± 0.1 −281.7 ± 1.0
FLF 35.71 ± 0.11 1.03 ± 0.01 34.5 ± 0.3 −27.1 ± 0.1 7.9 ± 2.7
OLF 36.68 ± 0.05 1.81 ± 0.02 20.3 ± 0.2 −26.7 ± 0.1 4.5 ± 3.0
HF 0.77 ± 0.05 0.11 ± 0.01 6.8 ± 0.6 −25.9 ± 0.1 −596.2 ± 1.0

MC‐middle 29–47 bulk 1.46 ± 0.01 NA NA NA −331.3 ± 1.0
FLF 30.26 ± 0.02 1.03 ± 0.01 29.4 ± 0.2 −26.5 ± 0.0 184.0 ± 2.9
OLF 37.32 ± 0.07 1.42 ± 0.00 26.4 ± 0.1 −25.5 ± 0.0 −76.8 ± 2.4
HF 1.11 ± 0.05 0.15 ± 0.00 7.5 ± 0.4 −25.4 ± 0.0 −383.1 ± 1.2

MC‐middle 80–90 bulk 1.50 ± 0.04 0.16 ± 0.00 9.2 ± 0.2 −25.6 ± 0.0 −341.9 ± 2.2
FLF 29.02 ± 0.20 0.95 ± 0.00 30.6 ± 0.2 −26.6 ± 0.1 61.0 ± 3.4
OLF 33.02 ± 0.24 1.38 ± 0.01 24.0 ± 0.2 −25.7 ± 0.1 −100.3 ± 3.8
HF 1.18 ± 0.03 0.16 ± 0.00 7.5 ± 0.3 −25.5 ± 0.1 −399.0 ± 2.0

MC‐middle 100–110 bulk 1.20 ± 0.06 0.11 ± 0.00 11.0 ± 0.7 −25.7 ± 0.0 −524.8 ± 1.3
FLF 34.22 ± 0.27 1.13 ± 0.01 30.3 ± 0.4 −26.4 ± 0.0 −44.6 ± 2.7
OLF 36.54 ± 0.21 1.44 ± 0.02 25.4 ± 0.3 −25.5 ± 0.1 −159.2 ± 2.0
HF 0.69 ± 0.01 0.09 ± 0.00 7.4 ± 0.3 −25.9 ± 0.0 −628.4 ± 1.4

MC‐point bar 19–47 bulk 0.73 ± 0.01 0.08 ± 0.00 8.7 ± 0.1 −25.8 ± 0.0 −771.8 ± 1.5
FLF 31.79 ± 0.27 0.84 ± 0.02 37.8 ± 0.9 −26.0 ± 0.0 11.0 ± 1.6
OLF 28.66 ± 0.31 1.03 ± 0.01 27.7 ± 0.4 −25.3 ± 0.1 −177.9 ± 2.6
HF 0.56 ± 0.03 0.08 ± 0.00 6.7 ± 0.3 −25.9 ± 0.0 −765.8 ± 0.8

MO‐cut bank 50–70 bulk 1.63 ± 0.03 0.18 ± 0.00 8.9 ± 0.2 −25.3 ± 0.1 −348.0 ± 2.2
FLF 36.34 ± 0.03 1.10 ± 0.01 33.2 ± 0.2 −26.6 ± 0.1 NA
OLF 35.88 ± 2.09 1.45 ± 0.04 24.7 ± 1.6 −25.7 ± 0.1 NA
HF 1.25 ± 0.01 0.17 ± 0.00 7.3 ± 0.1 −25.0 ± 0.2 NA

MO‐middle 15–30 bulk 3.83 ± 0.06 0.35 ± 0.00 10.8 ± 0.2 −25.5 ± 0.1 −141.0 ± 2.8
FLF 31.69 ± 0.15 0.95 ± 0.01 33.5 ± 0.4 −26.8 ± 0.0 96.0 ± 3.2
OLF 31.56 ± 0.48 1.52 ± 0.00 20.7 ± 0.3 −25.7 ± 0.0 28.2 ± 3.1
HF 2.41 ± 0.05 0.26 ± 0.00 9.1 ± 0.2 −25.6 ± 0.0 −228.1 ± 2.4

MO‐middle 45–60 bulk 1.47 ± 0.01 0.16 ± 0.00 9.0 ± 0.1 −25.2 ± 0.1 −518.3 ± 1.7
FLF 30.63 ± 0.39 0.94 ± 0.00 32.5 ± 0.4 −25.7 ± 0.0 −32.4 ± 3.5
OLF 36.29 ± 0.37 1.35 ± 0.00 26.8 ± 0.3 −25.4 ± 0.0 −153.2 ± 2.8
HF 1.07 ± 0.02 0.15 ± 0.00 7.2 ± 0.2 −25.2 ± 0.1 −224.3 ± 1.6

MO‐middle 75–90 bulk 0.60 ± 0.00 0.08 ± 0.00 7.3 ± 0.0 −26.0 ± 0.0 −769.2 ± 1.5
FLF 38.96 ± 0.07 0.97 ± 0.02 40.2 ± 0.9 −25.6 ± 0.1 NA
OLF 40.87 ± 0.48 1.09 ± 0.01 37.6 ± 0.5 −25.0 ± 0.1 −348.6 ± 2.0
HF 0.48 ± 0.01 0.08 ± 0.00 6.1 ± 0.2 −25.9 ± 0.0 −853.0 ± 0.5

NA = data not available.
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the C/N ratio of the OLF. Δ14C values for density fractions are plotted
against bulk sediment Δ14C and OC in Figure 7. The OLF and HF
Δ14C values are positively correlated with both bulk Δ14C and OC.

3.3. Extraction of Sediment‐Associated OC

The total amount of OC recovered from extractions (“whole”) are shown
along with OC recovered in purified PP fractions (PP‐SPE and PP >1 kDa)
and Δ14C values for selected samples in Table 3. Additional data for HCl
extractions are presented in Figure S3. In general, extractable OC
decreases with depth, following the trend of bulk sediment OC.
Pyrophosphate extracted the most sediment OC (5.7–16.6% of total sedi-
ment OC), followed by HCl (1.5–6.0%), with NaCl extracting the least
(0.13–0.74%).Δ14C values range from−345 to−7.2‰ in the NaCl fraction,
−145 to 0.1‰ in the PP‐SPE fraction, and −557 to −115‰ in the PP >1‐
kDa fraction. The Δ14C values of the PP >1−kDa fraction are similar to
bulk sediment Δ14C values, while the NaCl and PP‐SPE Δ14C values are
similar to the OLF (Figure 7). All OC fractions from extractions and den-
sity fractionations, with the notable exception of FLF, have variably
depleted Δ14C values which are significantly correlated with bulk Δ14C
(Figure 7a). The PP >1‐kDa fraction is also significantly correlated with
bulk sediment OC (Figure 7b).

3.4. Chemical Characterization of Sediment OC
3.4.1. FTIR and UV Spectroscopy
Example FTIR spectra are shown in Figure 8 for extractable OC (HCl‐SPE,
PP‐SPE, and PP >1 kDa) compared with solid‐phase OC from density frac-
tionations (FLF and OLF). All spectra are presented in Figures S4 and S5.
There is a large difference in the predominance of the C–O–C stretching
peak (from polysaccharides) around 1,000 cm−1 between the solid‐phase
and extracted OC fractions. The OLF and FLF also have much smaller
COOH peaks (at 1,710 and 1,220 cm−1) compared to extracted OC, with
the 1,500–1,800‐cm−1 region dominated by the C=C peak around 1,600
cm−1. These results are consistent with the presence of primarily lignin
and cellulose in FLF and OLF and more oxidized and processed material

in the extractable fractions (HCl‐SPE, PP‐SPE, and PP >1 kDa). Differences between OLF and FLF are
minor. However, some differences are observed between the different extractable OC fractions. Namely,
the COOH (1,710 cm−1) to C=C (1,600 cm−1) peak ratios are different across fractions, with C=C peaks
increasing from HCl‐SPE to PP‐SPE to PP >1‐kDa fractions. The C–H stretching peaks (2,850, 2,925
cm−1) are also higher in the PP >1‐kDa fractions than the HCl‐SPE and PP‐SPE fractions, suggesting that
the PP >1‐kDa fraction is higher in more saturated/lipid‐like compounds. Comparison of FTIR spectra for
each fraction of OC across samples shows some small differences in the COOH to C=C ratio for extracted
OC and in the C=C to C–O–C ratio for OLF and FLF samples (Figures S4 and S5). However, these differ-
ences are small, suggesting that the OC is chemically similar in each fraction. SUVA254 values, which have
been shown to be correlated with aromaticity (Weishaar et al., 2003), vary between 0.84 and 3.66 L/mgm for

Figure 4. (a) Organic carbon and (b) nitrogen in sediment density fractiona-
tions expressed as weight % of dry sediment.

Table 2
Results From ANOVA Analysis of Statistical Differences for C/N Ratios, δ13C, and Δ14C Values Showing p Values for Pairs
of Density Fractions and Bulk Sediment

FLF‐OLF FLF‐HF FLF‐bulk OLF‐HF OLF‐bulk HF‐bulk

C/N <0.001 <0.001 <0.001 <0.001 <0.001 0.275
δ13C <0.001 <0.001 <0.001 0.986 0.952 0.996
Δ14Ca 0.051 <0.001 <0.001 <0.001 <0.001 0.063

aFor Δ14C statistical analyses, the outlier data point (HF, MO‐middle, 45–60 cm) is excluded.
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NaCl whole extracts and between 4.82 and 7.42 L/mg m for the PP‐SPE
fraction (Table 3), indicating that the PP‐SPE is more aromatic. OC
extracted from Colorado River alluvial aquifer sediment (Rifle, CO)
showed a similar trend of increasing aromaticity from water‐extractable
to PP‐SPE to PP >1 kDa (Fox et al., 2017).
3.4.2. STXM and NEXAFS Investigation of Sediment Carbon
Carbon spectra were collected from sediment samples using STXM and
compared with C NEXAFS spectra of shale samples from local hill-
slopes. Example spectra are shown in Figure 9 and peak fitting results
are shown in Table 4. All spectra and composite maps are shown in
Figures S6 and S7. The shapes of the shale spectra are generally very
similar to each other as can be seen by the small standard deviations
on the average in Table 4. However, there is variation in the carbonate
content across shale samples, with a small increase in carbonate con-
centration in the weathered hillslope sample compared to the pristine
sample. Similarly, there is a change from top/middle to bottom of
the GRO profile. The shale spectra all have significant contributions
of quinone and aromatic functional groups with smaller contributions
of functionalized aromatic, aromatic (C–OH)/aliphatic, carboxylic,
and alkyl–OH. With the exception of particle 4 from MC‐middle the
floodplain particles are also similar to each other, although more vari-
able than the pure shale samples. Similar to the shale materials the

floodplain particles also have a very strong contribution of aromatic type resonances. The differences
between the shale and floodplain spectra include lower quinone, alkylated aromatic, and carbonate con-
tent and higher functionalized aromatic and carboxylic content in the floodplain samples. In contrast,
particle 4 is clearly of a different type of carbon that is dominated by carboxylic groups and is consistent
with spectra of microbial derived carbon.

4. Discussion
4.1. Evidence for Shale‐Derived OC in Mineral‐Associated Fractions

The Δ14C values observed in the bulk sediment (−909 to−141‰) and mineral associated fraction (HF,−853
to −224‰) are much lower than is typically observed in soils (e.g., Hicks Pries et al., 2017; McFarlane et al.,
2013; Schmidt et al., 2011; Schrumpf et al., 2013), although comparible values are observed in deeper hori-
zons of old (3 kyr to 3 Myr old) soils (Baisden et al., 2002). There are two primary mechanisms by which low
Δ14C values could be observed in HF in our study: (1) presence of shale‐derived OC and (2) unusually long
aging of plant or microbial‐derived OC through chemical alteration and mineral protection. Rock‐derived
OC has been implicated in low Δ14C values observed in areas where OC‐rich (e.g., shale) bedrock is present,
including in soils (Hemingway et al., 2018; Longbottom & Hockaday, 2019; van der Voort et al., 2019), lake
sediments (Blattmann et al., 2019; Vonk et al., 2016), and riverine suspended particulate matter (Kao & Liu,
1996; Vonk et al., 2016). Gurwick et al. (2008) observed 14C ages of 10,650–17,050 years B.P. for buried
organic sediment horizons in alluvial systems, with 14C ages of 4,730 years B.P. for organic matter fragments.
However, in our system, soil ages on the order of 5–10,000 years are unlikely due to the relatively young
depositional environment of the floodplain. The Δ14C values observed in FLF samples can be used to con-
strain the depositional age of vegetation‐derived OC. The lowest Δ14C value was observed for sample MC‐
middle at 100–110 cm and corresponds to a 14C age of 300 years B.P. Based on this observation, shale‐derived
OC must be responsible for the extremely low Δ14C values observed in these sediments. However, it should
be noted that the wide range of Δ14C values observed in the HF samples indicates that this fraction is not
entirely composed of shale‐derived OC, but is a mixture of shale‐derived and relatively modern (<300 years
old) vegetation‐derived OC. The fraction modern ranges from 0.15 to 0.78 in the HF, indicating that varying
amounts of relatively modern OC are tightly bound to the mineral fraction of the sediments.

Most of the OC (74–95%) and N (87–99%) is closely associated with the mineral fraction of the sediment
(HF). Similarly, Graf‐Rosenfellner et al. (2016) found that most of the OC was associated with the HF

Figure 5. Δ14C values and corresponding fraction modern for density frac-
tions of sediments as a function of sediment depth. Samples are from the
middle of Meander O andMeander C. Note that not enough FLF sample was
recovered for MO‐middle, 75–90 cm for Δ14C analysis.
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(50–97%) for sediments and floodplain soils of the Danube River. In a study of Sacramento‐San Joaquin
Delta river bed sediments, Wakeham and Canuel (2016) found that the majority of OC was present in
mesodensity fractions (1.6–2.5 g cm−3); however, this fraction contains a large number of mineral‐organic
aggregates which were not dispersed in their density fractionation protocol and thus direct comparison is
difficult. Correlations between HF Δ14C values and C/N and HF OC concentrations (Figures 6b and 6c)
provide further evidence that HF‐OC is derived from a mixture of ancient shale OC and modern OC. HF
samples with the lowest Δ14C values (<−700‰), which are primarily made up of shale‐derived OC, are
characterized by low C/N ratios (6–7) and OC concentrations around 0.5%. By contrast, the HF sample
with the highest Δ14C value, which is composed of primarily modern OC, is characterized by higher C/N
ratio (9.1) and higher OC concentration (2.4%).

The OC content in the HF is significantly correlated with CBD‐extractable Fe (if the MO‐middle 15–30‐cm
data point which has much higher OC content is excluded) as shown in Figure 6a. CBD‐extractable Fe is a
measure of the total Fe oxide content of the sediment. Through examination of the data in Figures 6a and 6c,
we can estimate that the shale contributes a background OC content of 0.5% and CBD‐extractable Fe of 0.15
mmol/g. HF samples with a higher contribution from modern C also have higher CBD‐extractable Fe con-
tents. An increase in iron oxide content commonly occurs as pyrite is oxidized during shale weathering and
soil formation (Chigira & Oyama, 2000; Evangelou & Zhang, 1995; Littke et al., 1991; Strawn et al., 2002).
This suggests that iron oxide formation may increase the OC content of the HF through adsorption or occlu-
sion of more modern OC. Other studies have also shown evidence of the important role of Fe oxides in

Figure 6. Correlations between variables (a) CBD‐extractable Fe and OC coming from HF (expressed as weight % of dry
sediment), (b) C/N ratio and Δ14C value of HF, (c) HF OC concentration (weight % of HF) and Δ14C value of the HF,
and (d) C/N ratio and Δ14C value of OLF. The correlation coefficient (R) is shown along with the p value in each plot. Note
that the MO‐middle, 15–30 cm sample was excluded from the regression in (a) due to the large OC content.
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sequestering OC in soils and marine sediments through a combination of
adsorption, co‐precipitation, and complexation (Lalonde et al., 2012;
Wagai et al., 2011; Wagai & Mayer, 2007).

4.2. Estimated Contribution of Shale‐Derived OC in
Floodplain Sediments

The fraction of modern C (based on Δ14C measurements) for bulk sedi-
ment (<2 mm) ranges from 0.09 to 0.87. A weighted average which takes
the TOC content and relative mass of sediment <2 mm into account can
be calculated to determine the fraction of modern C present in the whole
sediment‐carbon pool according to the following equation:

FMT ¼ ∑FMiOCiMi

∑OCiMi þ∑OCg 1−Mið Þ (1)

where FMT is the total fraction modern, FMi is the fractionmodern for the
individual samples, OCi is the organic carbon concentrations of the indi-
vidual samples, Mi is the sediment weight fraction less than 2 mm, and
OCg is the organic carbon concentration of the >2‐mm fraction of sedi-
ment. OCg was not measured directly; therefore, we estimate that it has
a value between 0.0 and 0.5%, representing granitic (carbon‐free) and
shale end‐members, and has a FM of 0. This calculation results in a
weighted average for fraction modern OC of 0.53–0.63 across all samples,
with a slightly higher value of 0.68–0.72 for shallow sediments (15–45 cm)
and lower value of 0.37–0.51 for deeper sediments (41–110 cm). If we
assume that the fresh plant‐litter derived OC has a FM of 1.0, the percen-
tage of shale‐derived carbon (%Cshale) can then be estimated using a sim-
plified two‐pool mixing model as shown in equation (2):

%Cshale ¼ 100× 1−FMTð Þ (2)

Based on equation (2) and the available 14C data, we can estimate that 37–47% of the OC in the 15‐ to 110‐cm
depth of the floodplain is derived from shale. However, while TOC concentrations were measured for the
entire sediment profile, 14C measurements were limited to three 15‐cm core sections for each location. In
order to extrapolate this estimate to represent the entire floodplain pool of OC, we have calculated the con-
tribution of shale OC using the following assumptions: (1) the FM of the top 15 cm ranges from 0.87 to 1.00
and (2) the FM of intermediate and deeper sediment layers can be interpolated by averaging the FM of the
layers above and below. Based on these assumptions, we estimate that 23–34% of the entire floodplain OC
pool is derived from shale (see details in Table S3). Taking either of these estimation approaches, it is clear
that shale‐derived carbon contributes significantly to the pool of floodplain carbon. The fraction of N derived
from shale may be even higher based on the high C:N ratio (relatively low N content) in the light fractions
compared to the heavy fraction. The samples were collected over a range of typical floodplain environments
within the fairly narrow valley (200 m wide) of the East River lower montane site and thus represent a rea-
sonable estimate of the entire shale‐derived pool at this site. While we found no other estimates of the con-
tribution of ancient OC to floodplain sediments in the literature, similar proportions of ancient OC have
been observed in other freshwater environments, including sediments of a perialpine lake (30%;
Blattmann et al., 2019) and Amazon river bed sediments (23–62%; Bouchez et al., 2010). On a global scale,
the contribution of ancient OC to riverine OC export to oceans is poorly constrained and ranges widely
across different environments; however, Galy et al. (2015) estimated a global flux of 43 Mt C/year for petro-
genic carbon exported to oceans, representing approximately 22% of the total carbon flux.

4.3. Evidence of Shale Weathering From Carbon Spectroscopy

Carbon NEXAFS spectroscopy on the shale samples (Table 4 and Figure 9) provide evidence for an increase
in carbonate concentration during in situ shale weathering with little impact on OC content. While OC loss
during in situ shale weathering has been observed in OC‐rich (5–20% OC) black shales, it is generally

Figure 7. Δ14C data for density separations (FLF, OLF, HF) and extractions
(NaCl, PP‐SPE, PP >1 kDa) plotted against (a) bulk sediment Δ14C and (b)
bulk sediment OC. In the legends, * and ** indicate OC fractions which
are significantly correlated with bulk sediment Δ14C or OC at the p < 0.05
and p < 0.1 levels, respectively. The line in (a) is the 1:1 line such that values
above the line are higher than bulk Δ14C and values below the line are
lower than bulk Δ14C.
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preceded by pyrite loss (Petsch et al., 2000; Petsch, Smernik, et al., 2001; Wildman et al., 2004) and the extent
of OC loss can vary depending on the kerogen type (Petsch et al., 2000). Therefore, the minimal OC loss
observed in our study may be due to the lower OC concentration, differences in the kerogen type, or a
lower extent of pyrite oxidation. In floodplain sediments, the STXM data show small patches of carbon <1
μm, often less than 500 nm, in a matrix of carbon poor minerals (Figure S7), suggesting that the majority
of the carbon spectra were from mineral associated carbon. The high aromaticity and other spectral
features of the floodplain spectra are similar to the spectra of shale C, although with strong evidence for
oxidative processing as seen in the increase in functionalized aromatics and carboxylic groups. Similar
results, including an increase in the O/C ratio and an increase in C=C and C=O bonds, have been
observed during oxidative weathering of black shales (Petsch et al., 2000; Petsch, Smernik, et al., 2001;
Wildman et al., 2004) and during weathering of kerogen in soils developed on shale bedrock (Longbottom
& Hockaday, 2019). The lower carbonate content in the floodplain samples suggests that inorganic C is
leached from particles in the floodplain, as would be expected in the more frequently saturated
environment. Bulk sediment IC concentrations (Figure S2) in MC‐cut bank and MC‐middle samples are

very low (<0.1%) with slightly higher concentrations observed in deeper
regions of MC‐middle (0.2–0.6%), consistent with the STXM data.
Higher IC concentrations (0.5–1.3%) are observed in the point bar
locations (MC and MO) and wetland location of MO.

The differences in organic functional groups in the floodplain particles
compared to shale could be due to the direct alteration of shale‐derived
OC and/or the addition of plant/microbially derived compounds as
coatings on the particles. Some evidence of microbially derived com-
pounds was observed in the STXM data, namely, in particle 4 of MC‐
middle (Table 4 and supporting information). This spectrum was from
a relatively large (>1 μm) spot of concentrated C. We propose that
there is a weathering continuum from pristine to weathered shale, with
an increase in carbonate and minimal changes in organics, followed by
continued weathering of shale particles deposited in the floodplain,
with leaching loss of carbonate and functionalization of OC through
oxidative processes and the addition of microbially processed
modern OC.

Table 3
Extractable Organic Carbon (OCext) Concentrations (Normalized Per Gram of Dry Sediment), Δ14C, and SUVA Values

HCl NaCl whole PP whole PP‐SPE PP >1 kDa

Location
Depth
(cm) OCext (mg/g)

OCext
(mg/g) Δ14C (‰)

SUVA
(L/mg m)

OCext
(mg/g)

OCext
(mg/g) Δ14C (‰)

SUVA
(L/mg m)

OCext
(mg/g) Δ14C (‰)

MO‐cut bank 15–30 1.37 0.207 NA 1.87 3.35 0.371 NA 6.41 1.13 NA
50–70 0.798 0.045 NA 1.25 1.33 0.240 NA 5.53 0.725 NA

MO‐middle 15–30 1.77 0.166 −7.2 ± 4.2 2.73 5.11 0.442 0.1 ± 3.3 5.65 1.19 −115.2 ± 2.9
45–60 0.429 0.039 −344.8 ± 3.6 0.84 1.67 0.250 −144.7 ± 2.2 5.85 0.745 −457.4 ± 1.1

MO‐point bar 15–26 1.39 0.240 NA 2.11 4.68 0.637 NA 6.60 1.70 NA
41–56 0.391 0.047 NA 1.82 1.68 0.219 NA 6.50 0.539 NA
71–91 0.310 0.054 NA 1.94 1.36 0.205 NA 7.42 0.441 NA

MO‐wetland 15–30 0.633 0.041 NA 2.74 2.73 0.298 NA 6.43 1.16 NA
30–45 0.418 0.032 NA 1.06 1.98 0.338 NA 5.29 0.887 NA

MC‐cut bank 29–43 0.546 0.059 −71.1 ± 2.0 2.56 1.71 0.230 −34.7 ± 3.2 5.47 0.697 −385.7 ± 1.6
MC‐middle 29–47 0.876 0.053 −134.3 ± 3.4 2.50 2.42 0.455 −69.0 ± 2.9 4.82 0.240 −341.7 ± 1.9

80–90 0.732 0.079 −92.5 ± 2.5 3.66 2.33 0.357 −68.0 ± 2.5 5.78 0.955 −331.8 ± 1.7
MC‐point bar 19–47 0.196 0.028 NA 1.53 0.588 0.118 −109.9 ± 3.8 6.00 0.132 −557.0 ± 1.6

47–72 0.181 0.033 NA 1.13 0.638 0.104 NA 6.68 0.147 NA
72–108 0.014 0.027 NA 1.11 0.499 0.098 NA 6.86 0.057 NA

Note. NA = data not available.

Figure 8. Example FTIR spectra from OC isolated by extraction (HCl‐SPE,
PP‐SPE, and PP >1 kDa) and density fractionations (FLF, OLF). All data
are from sample MO‐middle, 45–60 cm.

10.1029/2019JG005419Journal of Geophysical Research: Biogeosciences

FOX ET AL. 15 of 21



4.4. Possible Role of Ancient OC in OLF Samples

Golchin et al. (1997, 1994) proposed a model for soil OC decomposition in
which the average state of decomposition proceeds from FLF to OLF to
HF. A greater state of decomposition is typically evidenced by lower
C/N, higher δ13C, and lower Δ14C values. However, Wagai et al. (2009)
examined a wide range of data from the literature and found no consistent
difference in these properties between FLF and OLF samples. Similarly, in
a study of 12 different European soils, Schrumpf et al. (2013) noted that
there was no consistent shift in C/N and δ13C from FLF to OLF, but did
observe that OLF was consistently older. In our study, we observe a con-
sistent shift in C/N ratios and Δ14C values across all three fractions and
consistently lower δ13C values in FLF samples. This observation is consis-
tent with an increase in the average state of decomposition from FLF to
OLF to HF. However, as discussed above, the differences in these values
between the FLF and HF likely reflects two different sources of OC in
the system, namely, (1) vegetative‐derived OC from riparian zone vegeta-
tion (litter and root fragments) and/or alluvial deposition of upstream
vegetative matter which makes up the entire FLF and (2) shale‐derived
OC, which makes up a large proportion of the HF.

The Δ14C values for the OLF samples in our study are significantly lower
than what was observed in the FLF samples, corresponding to 14C ages up
to 3,375 years B.P. It is difficult to determine whether this represents aging

of relatively modern plant‐derived OC (i.e., through occlusion within aggregates or other weak associations
with mineral particles) or a mixture of fresh OC and ancient shale‐derived OC. FTIR data indicate that the
OLF is chemically very similar to the FLF; however, there is a shift in δ13C and C/N ratios between the two
fractions which suggests that there may be some small differences in chemistry and/or origin of the OC in
these two fractions. A closer examination of the relationship between the C/N ratio and Δ14C values
(Figure 6d) shows a strong negative correlation between these two parameters within the OLF. In other
words, the OLF sample with the highest C/N ratio (37.6 ± 0.5), which is typical of relatively unaltered vege-
tative debris, has the lowest Δ14C value (−348.6‰), while the samples with the lowest C/N ratio (20.3–20.7),
which is indicative of more microbially processed OC, have the highest Δ14C values (4.5–28.2‰). Smaller
OC particles are generally isolated from the OLF compared to the FLF, with few recognizable plant detrital

Table 4
Fitting Results From Carbon Spectra of Shale Samples and Floodplain Sediments

Bulk C NEXAFS of shale core samples STXM spectra of floodplain sediments

Hillslope GRO MC‐cut (55–75 cm) MC‐mid (105–140 cm) Average

Functionality Pristine Weathered Top Middle Bottom
Particle

1
Particle

2
Particle

1
Particle

2
Particle

3
Particle

4 Shale Floodplaina

Quinone 7% 7% 8% 8% 8% 4% 2% 1% 4% 5% 0% 7.6 ± 0.6% 3.2 ± 1.6%
Aromatic
(H/alkylated)

19% 19% 17% 18% 18% 16% 17% 14% 17% 17% 0% 18.3 ± 0.9% 16.2 ± 1.1%

Functionalized
aromatic
(carbonyl)

12% 11% 12% 12% 12% 28% 20% 26% 25% 22% 0% 11.8 ± 0.3% 24.2 ± 3.2%

Aromatic
(C–OH)/
aliphatic

13% 13% 12% 12% 12% 8% 18% 13% 11% 13% 0% 12.1 ± 0.5% 12.3 ± 3.7%

Carboxylic 14% 14% 15% 14% 14% 23% 15% 20% 17% 17% 48% 14.5 ± 0.5% 18.3 ± 3.2%
Alkyl–OH 11% 10% 9% 9% 9% 11% 16% 16% 12% 13% 28% 9.7 ± 0.9% 13.5 ± 2.0%
Carbonate 23% 26% 27% 27% 28% 10% 13% 10% 13% 15% 23% 26.1 ± 1.8% 12.3 ± 2.1%

aParticle 4 from the MC‐middle sample is excluded from the averages due to the distinctly different character of that particle.

Figure 9. Example carbon spectra for weathered and pristine shale and
floodplain sediments showing a shale weathering continuum, where (a)
denotes an increase in carbonates during in situ shale weathering (i.e.,
pristine versus weathered shale), (b) denotes leaching loss of carbonates
from shale samples to floodplain sediments, and (c) denotes an increase in
functionalized carbonyl groups (oxidation) in floodplain sediments com-
pared to shale.
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structures. This fraction can contain fungal spores, char (pyrogenic carbon), and microbial residues in addi-
tion to partially decomposed plant detritus (Baisden et al., 2002; Brodowski et al., 2006; Golchin et al., 1994;
Heckman et al., 2014; Wagai et al., 2008; Wagai et al., 2009). Wagai et al. (2009) proposed a new model in
which this fraction (m‐LF in their paper, equivalent to OLF in this paper) is composed of a combination
of partially decomposed plant‐detritus occluded by mineral particles with the assistance of microbial resi-
dues and less decomposed biomolecules or char which retain their original chemical composition. This
model may help explain the negative correlation observed between OLF C/N and Δ14C, where high C/N,
low Δ14C samples represent physically protected plant detritus, while low C/N, high Δ14C represents rela-
tively young, but more decomposed plant‐detritus. Given that the OLF is likely composed of a mixture of dif-
ferent types of materials, it is certainly possible that shale‐derived OC, which has been chemically and
microbially processed and released from the shale particles, has made its way into this fraction. The Δ14C
values observed in the OLF correspond to a fraction modern of 0.66–1.04, with most samples falling in the
0.83–1.03 range. Therefore, a maximum of 34% of the carbon in the OLF may be derived from shale, with
7–17% being more typical.

4.5. Mobility of Shale‐Derived OC

Measurements of Δ14C on extracted OC can provide some insight into the mobility and associations of shale‐
derived and modern OC in floodplain sediments. We use the NaCl‐extractable fraction as a proxy for highly

Figure 10. Conceptual diagram showing two scenarios: (1) high litter input with low shale input and (2) low litter
input with high shale input. Scenario 1 is emblematic of regions of the floodplain with more extensive soil devel-
opment (e.g., cut bank and middle of the meander) and nonshale systems, where OC is derived primarily from
plant detritus and the 14C age is controlled by occlusion of litter fragments in aggregates (OLF), which physically
protects it from degradation, and mineral protection of processed OC (e.g., partially oxidized and degraded) through
adsorption or occlusion within mineral particles (HF). Scenario 2 (point bar) represents a shale‐rich environment
with low litter inputs, where the OC is derived from both shale and plant litter and 14C age of all pools except for
FLF is lowered by the presence of shale‐derived carbon. The role of shale‐derived OC in CO2 release is currently
unknown.
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mobile, soluble OC. The pyrophosphate‐extractable OC represents OC stabilized through binding to mineral
surfaces via ligand exchange, metal complexation, and cation‐bridging (Pansu & Gautheyrou, 2006). The
Δ14C values of the PP‐SPE fraction of the OC, which is soluble at pH 2, range from −144.7 to 0.1‰, and
are similar to the values observed in the OLF (Figure 7). The PP >1‐kDa fraction, which is insoluble in acid,
is much older, with Δ14C values (−557.0 to−115.2‰) that fall between the OLF and HF, suggesting that this
fraction has a much larger contribution from shale‐derived OC. Somewhat surprisingly, the NaCl whole
samples have Δ14C values that are slightly, but consistently, lower than the PP‐SPE values (Δ14C of
−344.8 to −7.2‰). It is unknown whether the lower Δ14C values in the NaCl fraction are due to real differ-
ences between water soluble (NaCl extracts) and metal‐complexed (soluble at pH 2) pools of OC or whether
this is an artifact of the SPE isolation procedure, which may induce a bias toward molecules that bind to the
SPE resin. The recovery of OC during the SPE isolation procedure of PP extracts ranged from 21 to 40%. In
either case, the depleted Δ14C values observed in the NaCl extracts suggest that ancient shale‐derived OC
can be mobilized to the dissolved pool and may be an important source of dissolved organic carbon in the
floodplain. The metal‐complexed fraction of the OC (i.e., PP‐extractable pool) may become mobilized under
reducing conditions when Fe(III) oxides are solubilized. Root exudates (e.g., oxalic acid) may also promote
the release of metal‐complexed and mineral‐bound carbon to the solution phase (Keiluweit et al., 2015).
Reducing conditions can occur in permanently saturated locations, such as in the oxbowwetland, where dis-
solved oxygen is limited. There may be a seasonal component to the release of metal‐complexed OC as well
due to the inundation of the floodplain during spring snowmelt, seasonal temperature changes, and seasonal
changes in plant growth and senescence.

4.6. Conclusions and Conceptual Model of Organic Carbon Cycling in Shale‐Rich Environments

Through the use of radiocarbon measurements, we found that a large fraction (23–34%) of OC in floodplain
sediments is derived from shale. Evidence of shale‐derived OC is observed in all pools of sediment‐OC, with
the exception of the FLF pool. This includes pools which are considered to be relatively mobile (e.g., NaCl‐
extractable) and susceptible to microbial processing (e.g., PP‐extractable and OLF) under changing biogeo-
chemical conditions in the hydrologically dynamic floodplain environment. Figure 10 shows a conceptual
diagram illustrating the OC cycle in two scenarios: (1) system with high litter inputs and low shale input
and (2) system with low litter inputs and high shale inputs. Scenario (1) is representative of floodplain
regions with more extensive soil development (e.g., cut bank and middle of the meander) and is also typical
of nonshale soils or sediments where 14C age is primarily controlled by physical protection and adsorption to
or occlusion by mineral particles (e.g., according to the models of Kleber (2010), Kleber et al. (2011), and
Schmidt et al. (2011)), with little influence of shale‐derived OC. It should be noted that high litter inputs
can be caused by both riparian zone vegetation and deposition of river‐transported plant debris. By contrast,
regions with lower vegetative inputs and resulting low sediment OC values, such as the point bar location of
an activemeander (depositional environment withminimal soil development), shale‐derivedOCmakes up a
much larger fraction of OC in all pools. While the contribution of shale‐derived OC to CO2 mineralization
and export is currently unknown in this system, the observation of shale‐derived OC in carbon pools which
we consider to be actively cycling suggests that this topic warrants further research. This study joins amount-
ing body of evidence of the important contribution of ancient rock‐derived OC in modern riverine systems
(Blair et al., 2003; Caraco et al., 2010; Goñi et al., 2005; Komada et al., 2004; Komada et al., 2005; Leithold
et al., 2006; Raymond & Bauer, 2001a, 2001b). These inputs are not included in current global C models,
but may play a significant role in the global C cycle through export of ancient OC to oceans, which is esti-
mated at 22% globally (Galy et al., 2015), andmineralization of ancient OC in riverine systems with extensive
floodplains (e.g., Bouchez et al., 2010; Galy et al., 2008). Furthermore, evidence of shale‐OC release from
floodplain sediments suggests that shale weathering in the floodplain may be a significant source of other
shale‐associated elements, including growth‐limiting nutrients (e.g., N) and toxic elements (e.g., As, Se, U).
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