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In aqueous systems, including groundwater, nano-colloids (1–100 nm diameter) and

small colloids (<450 nm diameter) provide a vast store of surfaces to which organic

carbon (OC) can sorb, precluding its normal bioavailability. Because nanomaterials

are ubiquitous and abundant throughout Earth systems, it is reasonable that they

would play a significant role in biogeochemical cycles. As such, mineral nano-colloids

(MNC) and small colloids, formed through mineral weathering and precipitation

processes, are both an unaccounted-for reservoir and unquantified vector for transport

of OC and nutrients and contaminants within watersheds. Water extractions and

leaching experiments were conducted under (1) aerobic (ambient) and (2) anaerobic

(environmental chamber) conditions for each of two contrasting riparian sediments

from (1) Columbia River, Washington and (2) Tims Branch, South Carolina. Water

dispersible colloid-adsorbed OC was as high as 48% of OC for Tims Branch anaerobic

batch water extraction and as low as 0% for Columbia River aerobic batch water

extractions. Anaerobic leaching from column experiments yielded higher colloid and OC

release rates. Transmission electron microscopy with electron dispersive spectroscopy

mapping revealed organic carbon associated with aggregations of nano-particulate

silicate minerals and Mossbauer identified nano-particulate goethite. This exploratory

study demonstrates that mineral facilitated release of OC in riparian sediments is both

significant and variable between locations.

Keywords: organic-carbon, riparian sediment, nano-colloids, dispersible colloids, Columbia River, Tims Branch

INTRODUCTION

There has already been a recent revolution in understanding how organic carbon (OC)
persists in soils. Previous operational definitions and incomplete understanding perpetuated
concepts such as “recalcitrant carbon” as an explanation of soil OC persistence. It is now
widely accepted that a significant fraction of OC is actually physically and chemically
“protected” and is therefore not bioavailable. Bioavailability is restricted by either physical
occlusion or by chemical adsorption to mineral surfaces (Schmidt et al., 2011). We are
on the frontier of a similar revolution in aqueous systems where the operational definition
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of dissolved OC (DOC; solutes passed through a 0.45µm filter)
is incomplete and perhaps incorrect (Yan et al., 2018; Afsar
et al., 2020). In aqueous systems, including groundwater, nano-
colloids provide a vast store of surfaces to which OC can sorb,
precluding its normal bioavailability. Because nanomaterials are
ubiquitous and abundant throughout Earth systems (Hochella
et al., 2019), it is reasonable that they would play a significant role
in biogeochemical cycles. As such, mineral nano-colloids (MNC),
formed through mineral weathering and precipitation processes,
are both an unaccounted for reservoir and unquantified flux of
OC and nutrients within watersheds. They may also serve as a
bridge between organic and inorganic nutrient and contaminant
cycles. In groundwater systems OC can adsorb to MNC surfaces
(MNC-OC) providing protections from mineralization.

MNCs, defined as between 1 and 100 nm in at least one
dimension, are ubiquitous in the environment and have been
found in iron-oxide surface coatings on soil minerals, as well
as moving freely in soil and sediment waters (Hochella et al.,
2008, 2012; Henderson et al., 2012). Common natural MNCs
have been identified as iron-oxides and many other mineral
and amorphous families, especially silicates. They have the same
chemistry but often subtly different atomic structure than their
larger mineral counterparts. Mineral nano-colloids have highly
reactive surfaces that sorb OC to protect it from oxidation and
facilitate ion exchange. The colloid morphology and specific
sorbed species influence the surface structure and charge of the
mineral and, as a result, influence the strength with which OC
will bind to the MNC and the transport of MNC-OC through
ecosystems. MNCs can be readily transportable between aquatic
and terrestrial systems and through soils and sediments.

Mineral nano-colloids may originate from iron oxide nano-
crystalline and amorphous iron oxide layers on sediment, which
are also known OC adsorption sites (Kleber et al., 2007);
iron oxides can release nano-minerals during changes in redox
conditions (Henderson et al., 2012). Changing hydrodynamic
conditions, particularly fluctuations between extreme wet and
dry conditions, accelerate mineral weathering and mineral nano-
colloid release. These hydrodynamic fluctuations also solubilize
iron surface coatings. However, the interaction between the iron
oxides, nano-colloids, and OC has not been fully examined. It
has already been demonstrated in soils that chemical adsorption
of OC to minerals such as iron oxides provides protection
against microbial degradation (Kleber et al., 2007; Schmidt
et al., 2011). The surfaces of natural MNCs and colloids
can also provide protection in the same manner. This study
addresses a gap in watershed science and pore water process
understanding by elucidating the dynamic and interconnected
role ofmineral nano-colloids onOC cycling using highly resolved
laboratory experiments.

The objective of this exploratory research was to improve
our understanding of the role of water dispersible mineral
nanoparticles (MNC) and mineral colloids in biogeochemical
cycling and OC transport through watersheds by quantifying
release of MNC-OC from riparian sediments from contrasting
watersheds. We tested the hypothesis that short-term hydrologic
perturbations will release mineral nano-colloids and associated
organic carbon to pore water from iron oxide coated sediments.

We conducted batch water extractions and column leaching
experiments, under aerobic and anaerobic conditions, to study
the release of natural MNCs from sediments, and to quantify the
amount of OC associated with colloid fractions and to quantify
OC release rates.

METHODS

Materials
Riparian capillary fringe sediments were sampled from the
Columbia River watershed, near Richland Washington, and
Savannah River watershed, near Aiken South Carolina. These
rivers represent contrasting systems where Savannah River
soils, regionally characterized by Ultisols, are more weathered
compared with the Columbia River soil, regionally characterized
by Aridisols. The Savannah River watershed was sampled on the
banks of Tims Branch tributary, 33◦20′15′′ N 81◦43′6′′ W, in
a sandy Cg horizon at a depth below 20 cm. The Cg horizon
had distinct redoximorphic features along root channels and was
inundated with water during the time of sampling. The bank
along the Columbia River was sampled, 46◦22′23′′ N 119◦16′19′′

W, in a C horizon below 20 cm. This sandy C horizon was
partially inundated at sampling but had no signs of gleying
nor redoximorphic features. However, due to large intermittent
releases of water from an upstream hydro dam, this sediment is
inundated daily.

Sediment samples were spread out to dry to near field capacity
water content so they could be worked with as sediment rather
than slurries. Sediments were homogenized before subsampling
and characterized for carbon content. Total carbon (TC) was
determined by combustion using a VarioMAX Cube (Elementar
Analysensysteme GmbH). Total organic carbon (TOC) was
determined indirectly by first ashing the samples in a muffle
furnace (450◦C for 12 h) to removeOC and then quantifying total
inorganic carbon (TIC) on the VarioMAX Cube (detection limit
of 0.1mg C; measured∼4.3 g sample). TOC was calculated as the
difference between TC and TIC. Total OC for Columbia River
sediments was measured at 3.04 g kg−1, with TIC at 0.09 g kg−1

and for Tims Branch it was 2.11 g kg−1, with TIC of 0.06 g kg−1.
Synthetic water was fabricated for water extractions and

column leaching reactions following established groundwater
formulations for Tims Branch and the Hanford site 300 area
at the Columbia River. These waters represent contrasting
conditions—Tims Branch ground water is relatively dilute with
a pH of 5.0 (Strom and Kaback, 1992) compared to Columbia
River groundwater, which is saturated relative to calcite and has
a pH of 8.05 (Um et al., 2010). Groundwater formulations were
used with corresponding sediment (Supplementary Table 1).

Batch Water Extraction
Surface-adsorbed MNC-OC was extracted from the sediment
samples to investigate dispersible colloid and OC composition.
The extractions were conducted using 250 g sediment in 2 L
synthetic groundwater, with gentle agitation at 10 rpm for 7 days
(Guigue et al., 2014). Half of the samples were extracted under
aerobic (ambient) conditions with container lids (4 L Nalgene)
not sealed tight such that gas exchange was possible. The other
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half were treated the same but under anaerobic [N2(g)] conditions
after 48 h equilibration in an anaerobic chamber (Coy Laboratory
Products, Grass Lake, MI) with a CAM-12 monitor.

At the end of the extraction, the samples were fractionated
for size by centrifugation (Yan et al., 2017) and characterized
for colloid concentration and OC concentration. Fractionating
in this manner provides detail as to what size fraction has the
greatest influence over fate and transport of OC. Centrifugation
of water samples was conducted sequentially for the fractions
based on silicate densities for the Stokes law calculations (Yan
et al., 2017). The fractions included: <1,000 nm (160 RCF
for 10min); <450 nm (555 RCF for 15min); and <100 nm
(2100 RCF for 80min). This represents the fractions of
colloids, common colloid filtration size, and nano-colloid sizes,
respectively. A Beckman L8-70M Ultracentrifuge (110,000 RCF
for 3 h) was used to separate all iron oxides and silicates over
6 nm from solution (Henneberry et al., 2012). For the purposes
of this study we did not differentiate OC associated with MNC
and “dissolved” OC in solution for the <6 nm fraction. For this
research we did not differentiate dissolved OC from colloidal
OC independent of minerals that stays in suspension after the
centrifugation steps.

Aliquots of fractionated samples were acidified with 1%
nitric acid before analysis for colloid concentration and OC
concentration, for the purpose of ensuring inorganic carbon from
the high carbonate Hanford water was released and to preserve
the samples for future analyses. Colloid concentration was
determined by absorption spectra of water samples with a UV-
Vis spectrophotometer (SynergyTM Neo2Multi-ModeMicroplate
Reader, BioTek R©) with 96 well glass bottom plate (KrystalTM).
A calibration curve was generated using a suspension of illite
at measured concentrations of 3.48, 34.8, 174, and 348mg
L−1 (r2 0.99), and the absorbance was measured at 350 nm
wavelength (Cherrey et al., 2003). Absorbance measurement of
the sample and calibration solutions then allowed for estimation
of concentration of particles in water samples by applying Beer’s
law, which assumes spectral adsorption changes proportionally
with concentration. Dissolved organic carbon concentration was
determined by combustion catalytic oxidation on a Shimadzu
TOC-L Analyzer.

Aliquots of<1,000 nm fraction were characterized for mineral
properties as explained in the next two “Characterization”
subsections below.

Aerobic Respiration of Batch Water
Extraction
For aerobic respiration rate quantification, batch water
extractions from each condition (aerobic and anaerobic)
were collected and centrifuged for <1,000 nm colloid fraction.
These water samples were immediately transferred and opened
in a biosafety cabinet, vortexed, and subsequently allowed to
equilibrate with atmospheric air for 2 h at 21◦C using a gentle
stirrer. Then 43mL from each water extract was sterilized by
autoclaving at 121◦C for 20min, which served as heat-killed
controls. Once the autoclaved sediment-suspensions were cooled
to room temperature, 40mL of each heat-killed control water

and two sets of 40mL samples (for each extraction condition)
were added to 41.5mL borosilicate glass bioreactors having
pre-attached planar oxygen-sensitive spots (5mm sensor spots;
PreSens GmbH, Regensburg, Germany). To prevent any air
contamination in the bioreactors, the caps were sealed with
a thin layer of parafilm. Dissolved oxygen concentration (mg
L−1) was monitored in these airtight sensor spot bioreactors
for 6 days using an oxygen optical meter assembly (Fibox 3;
fiber optic oxygen transmitter, a polymer optical fiber) and
recorded using PST3v602 software (PreSens Precision Sensing
GmbH, Regensburg, Germany). Briefly, capped bioreactors were
vortexed for 20 s and three readings of dissolved oxygen (mg
L−1) were recorded at the interval of 5 sec. After recording the
dissolved oxygen, the bioreactors were immediately transferred
to a shaker (300 rpm; platform shaker; Innova R© 2100; New
Brunswick Scientific) in the environmental chamber with
controlled temp (21◦C) in dark. Respiration rates were calculated
as the slope of the linear regression between dissolved oxygen
concentration and incubation time for each bioreactor. The
linear regression generates a negative slope which is a function
of the oxygen uptake rate and therefore aerobic respiration
rates (mg O2 L−1 h−1). A two-point manual calibration was
performed prior to the sample analysis per PreSens guidelines
using oxygen-free and oxygen-saturated water to ensure the
quality control check.

Characterization of Batch Water Extracts:
TEM-EDS (Colloids), Zeta Potential
Transmission electron microscopy with electron dispersive
spectroscopy (TEM-EDS) was used for visual and elemental
identification of MNCs (Wheatland et al., 2017). The
particles from water samples were collected onto a 300
mesh copper TEM grid with lacey carbon support film using
Beckman ultracentrifuge (274,400 RCF, 24 h). A JEOL 2100
TEM/Scanning-TEM operating at 200 kV, coupled with EDS
and selected-area electron diffraction (SAED), were applied to
characterize the morphology, composition, and crystal structures
of the particles.

Since surface electric potential is significant for the adsorption
and desorption of MNC to sediment, we measured the colloid
suspensions zeta potentials (Appel et al., 2003). Samples were
sonicated for 10min to disperse them, then analyzed for zeta
potential using a Malvern Zetasizer Nano ZS.

Colloid Characterization From Tims
Branch Sediment: Mössbauer, µ-XRD, and
SEM-EDX
For the Tims Branch sediment aerobic extraction with
groundwater, the colloid concentration was high enough to
do additional mineral characterization using µ-XRD, SEM-EDX,
and Mössbauer spectroscopy. These analyses were performed
on the <1,000 nm fraction, collected by spinning samples in
an ultra-centrifuge to remove colloids from suspension. The
solution was then decanted and the remaining water was allowed
to evaporate in a fume hood.
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Powder diffraction was performed using a Panalytical X’Pert
Bragg-Brentano diffractometer,µ-XRD, with Cu-Kα radiation (λ
= 1.5418 Å), a graphite post-diffraction monochromator, and
variable divergence and anti-scatter slits (illuminated length =

10mm).Minerals were identified using JADE software (Materials
Data Incorporated, CA) by comparison with reference patterns
in the database maintained by the International Center for
Diffraction Data (PA).

Mössbauer measurements were carried out on the colloid
sample using a SEE Co Mössbauer setup (Edina, MN), a
Ritverc 57Co/Rh gamma energy source (75-mCi, initial strength;
St. Petersburg, Russia), a scintillation NaI(T1) SGS-2 detector
(Ritverc), a closed-cycle cryostat SHI-850 (Janis Research
Co., Inc., Wilmington, MA), and a Sumitomo CKW-21 He
compressor unit (Allentown, PA). The transmitted counts were
stored in a multichannel scalar (MCS) as a function of the energy
(transducer velocity) using a 1024-channel analyzer. Calibration
spectra were obtained with a 7-µm-thick Fe foil placed in

the same position as the samples to minimize any geometry
errors. The raw data were folded to 512 channels to provide a
flat background and a zero-velocity position corresponding to
the center shift (CS) of a metal Fe foil at room temperature
(RT). The Mössbauer spectroscopy data were modeled with
Recoil software (University of Ottawa, Canada) using a Voigt-
based structural fitting routine (Rancourt and Ping, 1991).
The sample preparation (type of the sample holder, etc.) was
similar to the procedure reported in Peretyazhko et al. (2012),
except the samples were dispersed in powdered sugar instead of
petroleum jelly.

Scanning Electron Microscopy (SEM) analyses were
conducted with a FEI Helios NanoLab 600i field emission
electron microscope. A small amount of dried colloid powder
was mounted on a SEM aluminum stub and were coated with
a 10 nm carbon layer by thermal evaporation using a 108C
Auto Carbon Coater (Ted Pella, Inc.). Particle morphology was
examined using a secondary electron Everhart-Thornley detector

FIGURE 1 | Water dispersible colloid mass released per mass of sediment (A), and OC mass per mass sediment (B) fractionated by centrifugation to select colloid

diameters <1,000, <450, <100, (and <6 nm for OC) from batch water extractions of Columbia River sediments, and Tims Branch sediments. Error bars represent

one standard deviation from measurement replicates; lines between points are to help with visualization and do not represent a regression model.
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FIGURE 2 | Representative TEM-EDS map of water extracted colloids from Tims Branch Sediment Anaerobic sample. First image is TEM. The remaining images are

EDS elemental maps of the same image showing relative intensity of each element. Scale and element are listed in footer for each image.

(ETD) in a field free mode at an acceleration voltage of 3–5 kV
and a current of 0.086–0.17 nA at 4mmworking distance. Higher
magnification images were collected using through-lens-detector
(TLD) with same voltage/current as described above. Energy
dispersive x-ray (EDX) spectra were collected with X-Max 80
mm2 Silicon Drift Detector (SDD) from Oxford Instruments.
The EDX analyses were performed at 10–20 kV voltage and 2–3
nA current. Oxford INCA software was used to perform point
spectrum analyses and create compositional maps.

Column Leaching
Leaching tests were conducted to measure relative release rates
of OC and colloids from the sediments. Columns were packed
with sediment into 75mL internal volume glass columns with
2.54 cm inner diameter. Two columns were packed for each
sediment type, to a resultant porosity of 0.48 for the Columbia
River columns and 0.44 for the Tims Branch columns. One
from each column pair was run under anaerobic conditions, the
other aerobic, as described in “Batch water extraction” section.
Syringe pumps (IMI-Kloehn) were used to deliver synthetic
groundwater at a rate of three pore volumes per day. Effluent
was collected twice a day and centrifuged for fraction <450 nm
silicate as detailed above. The effluent was analyzed for colloid
concentration by UV-Vis and the OC content measured by a
Shimadzu TOC-L Analyzer.

RESULTS AND DISCUSSION

Fractionation of Released Colloids From
Batch Extractions
Release of colloids from Columbia River sediments (Figure 1A)
was 58% greater for anaerobic than aerobic extracts for the
<1,000 nm fraction and 45% greater for the <100 nm fraction.
The higher release during the induced anoxia was expected
as it has been well-documented in the literature and is

attributed to the reductive dissolution of cementing ferric iron
oxides to more soluble ferrous iron, resulting in the release
of aggregated colloids (Henderson et al., 2012; Liang et al.,
2019). Tims Branch sediments released an order of magnitude
more colloids due to anoxia for the <100 nm fraction but
the <1,000 nm fraction had 15% more released from aerobic
extraction compared to anaerobic (Figure 1A). The lower value
for the anaerobic extraction may be attributed to aggregation
and settling before analysis or subsample variability. Aggregation
was noticed at multiple points of analysis, and occurred
despite additional preparation (acidification, sonication) before
analysis. The release of colloids from Tims Branch sediments
was three to ten times greater than from Columbia River
sediments in all instances except for <100 nm aerobic extraction
which was 14% higher for Tims Branch. Higher colloid
concentrations are most likely due to a combination of the very
low ionic strength of the SRS artificial groundwater, 0.2mM
(compared to 6.4mM Hanford artificial groundwater), and
the high concentrations of highly dispersible OC-coated Fe-
oxyhydroxides and fine kaolinite particles common in these
weathered soils (Kaplan et al., 1993, 1997).

Colloid Mineralogy
Colloids collected from each of the extractions were imaged
using TEM-EDX (Figure 2 and Supplementary Figures 1–4).
All of the images displayed aggregations of minerals that had
primarily round scale-like morphology with the occasional
elongated mineral (Supplementary Figures 2, 4). The minerals
had high relative element concentrations of Si, Al, and O,
suggesting that these are primarily silicate minerals (Figure 2
and Supplementary Figures 1–4). Tims Branch soils have
documented kaolinite as a significant colloid (Kaplan et al.,
1993, 1997) and clays from the Hanford 300 area have been
reported as dominantly muscovite, smectite, and clinochlore
(Um et al., 2010). The EDX showed even distribution of Fe
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across most of the minerals for the Columbia River colloids
(Supplementary Figures 1, 2), whereas the Tims Branch colloids
had small concentrated points scattered over the mineral surfaces
(Figure 2 and Supplementary Figures 3, 4). It is possible that
these points with high Fe concentration are nano colloids
aggregated with the larger minerals. The presence of C on the
Tims Branch colloids (Figure 2 and Supplementary Figures 3, 4)
wasmuchmore evident compared to the Columbia River colloids
(Supplementary Figures 1, 2). Organic coatings on colloids from
soils of the same region as Tims Branch have previously been
noted (Kaplan et al., 1997).

The µ-XRD pattern of colloids from Tims Branch aerobic
water extraction (Supplementary Figure 5) was crystalline with
sharp peaks for kaolinite. There were also peaks for quartz and
gibbsite, minor illite or montmorillonite, and trace hematite.
The presence of these minerals is consistent with previous work
on soils from this watershed (Kaplan et al., 1993, 1997). The
morphology of the minerals from SEM analysis showed that most
of the material was rounded flakes and the EDX data shows high
relative concentrations of Si, Al, and O as would be expected in
a silicate clay mineral like kaolinite (Supplementary Figure 6).
High relative Fe concentrations point to Fe- “coatings” adsorbed
on the larger minerals.

The Mössbauer spectra from Tims Branch aerobic water
extraction (Supplementary Figure 7) confirms the presence of
hematite, with <3% Fe being hematite. Approximately 80% of
the sample’s Fe was nanoparticulate goethite (<10 nm) with a
somewhat complex particle-size distribution, but appeared to be
a mixture of three different pools of varying particle size/carbon
coating content (Bhattacharyya et al., 2018; Arredondo et al.,
2019). More importantly, the sample was free of poorly
crystalline/amorphous Fe-oxide minerals, such as ferrihydrite.
The remaining Fe in the colloids sample (∼20%) was likely
associated with silicate minerals—primarily (14.9%) as Fe(III),
but there was some (4.8%) Fe(II).

The silicates, kaolinite, and quartz identified from Tims
Branch should have lower adsorptive capacity compared to the
previously identified muscovite, smectite, and clinochlore at
Columbia River (Um et al., 2010). This suggests a significant
role that the Fe-particles and Fe-coatings on silicates have on the
adsorption of the OC.

Fractionation of Released Mineral
Colloid-Associated OC From Batch
Extractions
Similar to colloids, there was more release of OC from the
anaerobic extraction (Figure 1B), suggesting that it was released
during induced anoxia by similar desorption mechanisms
(Adhikari et al., 2017; Han et al., 2019). Using the <6 nm
fraction as an estimated cut off for dissolved OC (DOC), the
OC associated with Columbia River mineral colloids was 29%
of the maximum measured OC (26% in 100–450 nm fraction,
3% in 6–100 nm fraction of the maximum measured OC for that
extraction) for the anaerobic extraction. For the Columbia River
aerobic extracts, the <6 nm fraction had 10.8mg kg−1 DOC,
compared to the mineral colloid fraction <100 nm of 9.7mg
kg−1, suggesting that there was no mineral colloid-associated
OC in these extracts (Figure 1B). As with the colloids, some
aggregation and settling may have impacted the measurement of
OC as can be seen for the<1,000 nm fraction from the Columbia
River sediments (Figure 1B). Alternately this lower value for
<1,000 nmwas data noise as evidenced by the widemeasurement
replicate error bars for the <450 nm sample (Figure 1B). For
Tims Branch, 48% of anaerobic extracted OC was associated with
mineral colloids with 38% in the 6–100 nm fraction and 8% in the
100–450 nm fraction (Figure 1B). The mineral colloid associated
OC released during aerobic water extraction was 40% of total
released, with 18% in the 6–100 nm fraction and 15% in the
100–450 nm fraction, and 7% in the 450–1,000 nm fraction.

Reducing conditions have been known to desorb OC from Fe
colloids (Adhikari et al., 2017; Han et al., 2019), and the different
responses for the two sediments may be explained by the natural
redox conditions at these sites. The subsurface along the Hanford
reach of the Columbia River is largely aerobic, so contribution
of mineral colloids and MNCs to OC cycling may be minimal
based on the results from this experiment. However, Tims
Branch sediments had redoximorphic features from repeated
oxic and anoxic periods, which could result in fluctuating
release concentrations of MNC-OC and OC associated with
small colloids.

Microbial degradation reducing the measured OC was a
concern for impacting the measurement of OC concentrations

TABLE 1 | Batch water properties (microbial respiration, zeta potential) and column effluent data (OC and colloid release rates, pore velocity) for Columbia River sediment

and Tims Branch sediment reacted with groundwater under aerobic and anaerobic conditions.

Batch Column

Sample Condition Microbial respiration rate pH Zeta potential (mV) OC release rate Colloid release rate Calculated pore velocity

(mg L−1hr−1) (mg kg−1 d−1; r2)* (mg kg−1 d−1; r2)* (m d−1)**

Columbia River Aerobic 0.011 7.38 −8.77 0.92; 0.99 2.8; 0.98 0.876

Anaerobic 0.009 6.95 −12.8 1.36; 0.75 8.8; 0.98 0.894

Tims Branch Aerobic 0.011 6.02 −8.43 0.36; 0.90 13.4; 0.87 0.973

Anaerobic 0.010 3.84 −18.9 0.76; 0.90 28.7; 0.98 0.955

*OC and colloid rates normalized to mass per sediment mass. OC rate did not use data from first 2 days due early non-linear release. TOC for Columbia River sediment was 3.04 g

kg−1 and for Tims Branch sediment was 2.11 g kg−1 (mass OC per mass sediment); **porosity for columns: Columbia River sediment columns were 0.48 and for Tims branch sediment

columns were 0.44. Column data plots for colloid and OC release are provided in Supplementary Figure 8.
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and calculated OC release rates. However, respiration was very
low in all water samples (Table 1) and there was no effective
difference between the conditions in this experiment.

Leaching Rates of Colloids and OC From
Columns
The initial release of colloids for Columbia River sediment
columns within the first day was lower than colloids
from Tims Branch sediment columns, but the OC had a
proportionally larger release from Columbia River columns
(Supplementary Figure 8). This initial release difference is
likely due to desorption of the OC occurring more rapidly than
detachment of colloids.

Following the initial release there was a sustained release, from
day 1 to 5, of colloids and OC from the columns that showed a
higher release rate for anaerobic conditions compared to aerobic
reaction conditions (Table 1). The increase in release rates with
anaerobic extraction was expected and coincided with more
negative zeta potential for the anaerobic reacted water extractions
(Table 1). Li et al. (2013) found that colloids amended with
organics decreased the zeta potential and the colloid-OCmaterial
transported more readily through sediment. In our study, the
Tims Branch colloids had a higher release rate compared to
the Columbia River colloids (Table 1), which could be due to
a combination of factors. This higher release could be due
to a more dilute groundwater, greater repulsive forces due to
lower zeta potential for the organic coated colloids (Table 1 and
Figure 2), or there was an abundance of colloids which would
be present in a region with highly weathered soils. The matrix
in both of these sediments is sand with large pore spaces that
would allow easy transport of the colloids with minimal surface
interaction or straining. Ultimately this demonstrates that, even
when there is OC adsorbed to—colloids, release of the bulk OC
differs from that of the bulk colloids regardless of whether the
release is aerobic or anaerobic.

ENVIRONMENTAL IMPLICATIONS

Colloids can play a significant role in the fate and transport of
natural OC through watersheds, particularly in redox dynamic
environments where reductive dissolution of Fe minerals can
facilitate increased concentrations of colloids within porewaters.
This is particularly relevant for Tims Branch sediments that,
upon reduction, can release up to 48% of their OC in association
with colloids. Most of the OC was attached to MNCs, which
with their size of <100 nm can be transported readily through
sediment, making nano-colloid-facilitated transport a significant
agent of C biogeochemical cycling. However, this may not be
the case in all riparian sediments such as found from Columbia
River sediments under aerobic conditions where there is no
measurable adsorption of OC to colloids of any size. The
importance of colloidal and MNC facilitated transport of OC
in watersheds appears to be location specific. Since MNCs have
high surface charge, they can potentially limit bioavailability
of OC while adsorbed to them and while being transported
through a watershed. This control on the bioavailability of OC
while adsorbed to MNCs must be accounted for in modeling

OC transport as the transport of colloids is different than
dissolved OC.
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