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Abstract 

The hyporheic zone is a hot spot for coupled transport and biogeochemical reactions at the aquatic-

terrestrial interface. The influx of particulate organic matter (POM), a biological colloid, into the 

near-surface riverbed plays a critical role in fueling microbial activity in the hyporheic zone. 

Hydrological exchange associated with natural and human-regulated river stage fluctuations is 

likely to influence POM transport and influx to the riverbed. Despite numerous studies of dissolved 

organic matter (DOM) transport and metabolism in the hyporheic zone, there is a paucity of 

information on the process that govern POM transport in the benthos of hydrologically dynamic 

riverine environments. In this study, three types of small-scale column transport experiments were 

conducted to examine POM transport using periphyton-derived photosynthetic biomass obtained 

from the Hanford Reach of the Columbia River in saturated, sandy porous media; (1) breakthrough 

experiments (BR) to understand the governing processes controlling POM transport, (2) velocity 

experiments (VE) to examine the effect of fluid flow rate on POM behavior, (3) flow reversal 

experiments (FR) to address the impact of flow direction on POM transport and remobilization by 

simulating flow reversal in the hyporheic zone. A numerical transport-reaction model was 

developed to quantitatively interpret the results of the laboratory column experiments. The 

combined experimental and modeling result reveals that POM retention was governed by colloid 

filtration and rate-limited reversible sorption to the sediment matrix. Furthermore, POM was 

remobilized when the flow direction was reversed, creating a pulse of suspended POM above the 

initial input concentration. These results suggest an interplay between river stage changes and the 

relative intensity of POM accumulation in the hyporheic zone. The POM transport-reaction model, 

calibrated according to the experimental results, is appropriate for use in a more complex 
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hydrobiogeochemical models to evaluate the impact of POM transport and accumulation on 

riverbed biogeochemistry. 
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1. Introduction 

The hyporheic zone (HZ) is defined as the aquatic-terrestrial interface where groundwater and 

surface water are hydrologically connected in stream and river ecosystems (White, 1993). A 

significant amount of water, nutrients, organic and inorganic materials as well as biota are 

exchanged between these two distinct environments (Boulton et al., 1998; Brunke & Gonser, 1997; 

Findlay, 1995; Jones & Holmes, 1996; Mulholland et al., 1997). The HZ is thus recognized a “hot 

spot” for coupled transport-reaction processes and biogeochemical cycling (Krause et al., 2009; 

Moser et al., 2003; Storey et al., 2004). Heterotrophic metabolism in the HZ typically depends on 

the input of allochthonous organic matter (OM) from surface water because the groundwater 

environment is relatively stable and OM concentration is generally low compared to surface water 

(Baker et al., 1999; Bastviken et al., 2011; Battin et al., 2008; Jones et al., 1995). Microbial 

metabolism in HZ sediments is thus usually thought to be limited by the abundance and reactivity 

of dissolved organic matter (DOM) (Baker et al., 1999; Findlay et al., 1993; Findlay et al., 2003). 

Thus, most studies of HZ biogeochemistry have focused on the input and metabolism of DOM 

(Brunke & Gonser, 1997; Jones, 1995; Tank et al., 2010; Webster et al., 1999). Although the focus 

on DOM makes sense given the hydrological dynamics of the HZ, it is important to consider the 

source(s) of DOM that enter this zone from the aquatic side of the aquatic-terrestrial interface. 

Such sources include DOM present in surface stream/river water that is hydrologically advected 

into the HZ, as well as DOM that may be released during OM matter degradation in the near-

surface riverbed sedimentary environment. 

It is increasingly recognized that rates of biogeochemical activity in riverbed sediments are 

much higher compared to those in the water column (Trimmer et al., 2012). This occurs because 

the concentrations of organic matter and associated microorganisms are several orders of 



2 
 

magnitude higher than the corresponding concentrations in the water column. Thus, the riverbed 

represents its own unique hot spot of biogeochemical cycling at the terrestrial-aquatic interface. 

Although in-river processing of organic matter and nutrients has been extensively studied, there is 

a paucity of information on the deposition, transport and processing of particulate organic matter 

(POM) into riverbed sediments, particularly in large, regulated river ecosystems, where both 

seasonal climate variations and dam operations cause frequent variations in streamflow and 

reversals in subsurface flows. Such POM input has the potential to strongly impact the 

biogeochemistry of both the river itself as well as the HZ (or, more broadly, the hyporheic corridor) 

that is connected hydrologically to the river. Such dynamics have fundamental implications for 

organic carbon metabolism as well as retention and/or release of other nutrients (e.g., N, P) 

associated with POM decomposition. 

Hydropower-regulated rivers experience flow variations changes hydraulic conductivity 

between surface water and groundwater and altered sediment and solute transport as well as 

reservoir water quality (Arntzen et al., 2006; Koch, 2002; Miller et al., 2017; Dmytro Siergieiev 

et al., 2014). Large fluctuations in stream discharge in particular cause changes to HZ flow patterns 

(Siergieiev et al., 2015). These changes can alter the physiochemical properties, organic carbon 

composition and microbial metabolic pathways in the HZ (Arntzen et al., 2006; Stegen et al., 

2016). The specific focus area for this study is the HZ of the Columbia River in the vicinity of the 

Hanford 300 Area in eastern Washington. The Hanford Reach’s river stage is controlled upriver 

largely by the Priest Rapids Dam and is also affected downstream by the McNary Dam. At this 

site, large fluctuations, up to 2 m per day, occur both naturally in river stage (i.e., seasonally) and 

in conjunction with hydroelectric power dam operations (Arntzen et al., 2006; Geist, 2000). These 

fluctuations lead to changes in HZ flow direction and magnitude by altering the hydraulic gradient 
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(Fritz & Arntzen, 2007; Stegen et al., 2016). Frequent inflow of river water into the riverbed creates 

conditions conducive to the influx and transport of fine-grained POM, a biological colloid, within 

near-surface riverbed sediments. Despite extensive studies on the input and degradation of POM 

in permeable marine sediments (Huettel et al., 2007; Huettel et al., 1996) and DOM transport and 

metabolism in HZ sediments (Baker et al., 1999; Findlay et al., 2003; Jones et al., 1995; Stegen et 

al., 2016), there is a knowledge gap of quantitative information on POM transport and 

accumulation in riverbed sediments impacted by the unique flow dynamics driven by hydroelectric 

dam operations.  

In this study, a series of experiments were performed to gain insight into the controls on 

hydrologically-driven POM transport in model riverbed sediment columns. Of specific interest 

were mechanisms of POM retention, and the influence flow direction reversals on POM mobility. 

Laboratory-grown, periphyton-derived photosynthetic biomass was used as a model for fresh POM 

that may enter the near-surface riverbed at the Hanford 300 Area study site. Each column was 

packed with sand from the Hanford Formation in Eastern Washington to represent the sandy 

sediments present in the Hanford reach of the Columbia River (Hou et al., 2017). The experimental 

results were interpreted in relation to colloid filtration theory following the approach used by 

Harter et. al (2000) for Cryptosporidium parvum oocysts transport in sand column. A transport-

reaction model was developed for this purpose as well as for future use in more comprehensive 

simulations of riverbed biogeochemistry.  

2. Experimental Materials and Methods 

2.1.Cultivation of POM 

Periphyton-colonized rocks from the Hanford 300 Area were used for the cultivation of 

photosynthetic biomass for POM transport experiments. Cobbles were collected from the riverbed 



4 
 

in the winter and spring of 2020/2021 and stored in the refrigerator in the dark. To initiate a 

photosynthetic culture, a colonized rock was placed in an aquarium tank containing 15L of 

artificial river water (ARW), whose composition was based on chemical analysis of the Columbia 

River as previously described by Stern et al (2017). A few drops (ca. 50 uL) of a commercial 

fertilizer mixture (Schultz) were added to facilitate plant growth. The tank was aerated with an 

aquarium pump and illuminated from above with broad spectrum growth lights (Figure S-1). After 

5-7 days of growth, suspended biomass was collected from the tank for use in column transport 

experiments. The mean absorbance at 660 nm of the cultures was 0.18 absorbance units (AU), 

which corresponded to a bulk dry weight content of ca. 36.3 mg/L. 

2.2.Porous Media and Column 

All column experiments were carried out in 15 cm x 2.5 cm (inner diameter) glass 

chromatography columns (CHROMAFLEX®) with polytetrafluoroethylene (PTFE) end fittings 

caps and 660 m polyethylene mesh support. Each experimental solution passed through a 1/8" 

outer diameter PTFE tubing at the inlet and outlet of the column experiments, with a 1/4" outer 

diameter PTFE tube connected to the feed solution tank. The volume of tubing was negligible (< 

0.1 mL) compared to the volume of fluid passed through the columns. Each column was packed 

with commercial (Central Pre-Mix, Pasco, WA) medium sand from the Hanford Formation in 

Eastern Washington. The sand was sieved to obtain the 125 μm to 2 mm particle size range. 

Columns were dry-packed manually with a tap-fill compaction to produce homogenous pore size 

distribution. The column was saturated by first submerging half of the column length in artificial 

river water it was then turned vertically, and the other end of the column was submerged to avoid 

trapping of air bubbles (Figure S-2). The columns were then placed horizontally in a clamp (Figure 

S-3) and connected to the inlet and outlet tubing. Columns were not moved until the end of the 



5 
 

experiments. The columns were first flushed with 1-2 pore volumes (PV) (ca. 20 minutes) with 

ARW at various velocities before starting the experiments. 

2.3. Experimental Procedure of Transport Column 

2.3.1. General Approach 

Three types of transport experiments were performed. Standard breakthrough curve 

experiments were completed to investigate the mechanisms controlling POM transport. Different 

flow rates were utilized to examine the impact of flow velocity on POM breakthrough. Finally, 

flow reversal experiments were conducted to explore the impact of flow direction changes on the 

POM transport and remobilization. The flow rates employed in the different experiments are listed 

in Table 1. In all the experiments, flow rate varied (as determined by measuring the mass of fluid 

exiting the column over time) to some extent during the experiment, accounting for the range of 

velocities represented Figure 1, Figure 3, and Figure 5. For reasons of practicality, the gravity-

driven flow rates were substantially higher than those typical of the Hanford 300 Area (ca. 50 

cm/d; e.g. Fritz & Arntzen, 2007). 

Fluid flow was established by adjusting the height difference between the feed solution tank 

and the column outlet by means of laboratory jack (Figure S-3). A fraction collector was used to 

obtain column effluent samples at 1-3-minute intervals. The mass of fluid in each effluent sample 

was measured to determine the fluid flow rate for preceding time interval. To prevent settling of 

POM during the experiments, a mixer was connected to the experimental POM tank from the top. 

All experiments were performed at ambient laboratory temperature (22-24 C). 

Effluent POM concentration was measured (see below) within a few minutes of collection. 

The effluent samples were then filtered (0.45 m) and kept in the refrigerator prior to Br analysis. 
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Once a transport experiment was completed, the column was stored in the refrigerator prior to 

sectioning for biomass (ATP) analysis. 

2.3.2. Breakthrough Experiments 

To obtain the desired flow rate, the elevation of the feed solution tank was adjusted by while 

passing POM- and Br-free ARW through the column for ca. 20 minutes. The flow rate of 

breakthrough experiments was 46.0, 38.7, 35.9 cm/hr with head differences of 5.6, 3.8 and 4.0 cm, 

respectively. In the first phase of a breakthrough experiment, the column was fed with POM and 

KBr (1 mM). The influent was then changed to POM- and Br-free ARW without flow interruption 

with the flow remaining in the same direction (Figure S-4). The experiment was terminated when 

the POM concentration reached a concentration lower than 0.0026 AU for consecutive samples. 

2.3.3. Velocity Experiments 

Flow rates of 104.9, 56.3 and 29.6 cm/hr were obtained by establishing head differences of 

9.5, 8.0. and 7.5 cm between the fluid level in the feed tank and the column outlet, respectively. 

Effluent samples were collected at 1-minute intervals for the highest flow rate, 2-minute for the 

medium and 3-minute for slow flow rate experiments. A single POM suspension with 1 mM Br 

was used as an experimental solution for each of these experiments, which were conducted until a 

constant POM breakthrough absorbance was achieved.  

2.3.4. Flow Reversal Experiments 

Flow reversal experiments were performed to examine the potential for POM remobilization, 

during simulated flow reversal conditions in the near-surface riverbed. The columns were prepared 

and adjusted as previously described. The flow rate was set to 46.9 and 54.1 cm/hr, approximately 

the same as the companion breakthrough experiment that has 46.0 cm/hr flow rate.  
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The flow reversal experiment consisted of four phases, based on flow direction as well as the 

composition of the influent solution (see Figure S-5). First, influent containing POM was used; all 

subsequent phases were completed with either ARW or ARW containing Br. As in the 

breakthrough experiment, the experimental solution containing POM and Br was passed through 

the column in the first phase of the experiment in the forward direction. In the second phase, the 

influent was changed to POM- and Br-free ARW in the reverse flow direction without flow 

interruption. Two additional phases were used to investigate the remobilization effect on the 

retained POM after the first flow reversal. In the third phase the flow direction of Br-containing 

ARW was changed to forward, i.e., the same direction as the start of the experiment. For the fourth 

phase, POM- and Br-free ARW was introduced in the reverse direction until POM concentration 

was lower than 0.005 AU at around 11 PV. The phase change PV for each experiment is listed in 

Table S-1. The head difference was measured every 30 minutes and at the beginning of each phase. 

The experimental setup was checked with ARW beforehand verify the absence of flow interruption 

while switching the influent and changing the flow direction. 

3. Analytical Methods 

3.1.POM Analysis 

Fresh photosynthetic biomass concentration was determined by measuring chlorophyll-a 

content at a wavelength of 660 nm (Milenkovj  et al., 2012) using an UV-VIS spectrometer 

(Shimadzu Model 1240) (Figure S-6). All effluent absorbance data were normalized (C/C0) to the 

absorbance of the POM feed suspension. 

3.2.Bromide Analysis 

Bromide was analyzed by ion chromatography (Thermo Scientific™ Dionex™ Integrion by 

Thermo Electron Integrion, 2 mm ID AS18 column) with 23 mM KOH as an eluent, 0.25 mL/min 



8 
 

flow rate, and 15 mA suppressor current. ARW was used as a matrix and standards were prepared 

and analyzed from 0.005 mM (0.59 ppm) to 0.1 mM (11.9 ppm). Most Br samples were diluted 

1:10 with distilled water to bring the samples with the analytical range of the instrument. Samples 

collected at the beginning of experiments and following the expected Br decrease after switching 

to Br-free influent solution were not diluted.  

3.3.Biomass Assay (ATP) 

After completion of a transport experiment, sand was removed from the column at 1 cm 

intervals to measure the distribution of retained biomass via ATP analysis as previously described 

(Stern et al., 2017). Approximately 0.5 g of wet sediment was measured into 2 mL microcentrifuge 

vial in duplicates from each 1 cm interval sample (Figure S-7) and mixed with the 0.5 mL of sterile 

20 mM EDTA. Samples including EDTA were frozen until the ATP analysis. Before the assay 

measurement, frozen samples were thawed at room temperature and centrifuged for 1 min at 

10.000 rpm. 200 L aliquots of supernatant were transferred into new 2 ml centrifuge tube using 

filter pipette tips. The supernatants were mixed with 100 L Bactiter-Glo reagent (Promega) and 

25 µL of 0.4 M MgCl2 simultaneously and vortexed for 5 seconds. The luminescence of the 

mixture was recorded (Turner Biosystems 20/20n) for each sample as a measure of POM 

concentration in sediment. Sample ATP concentrations were determined via calibration to a 

standard curve prepared in 20 mM EDTA. 

3.4.Particle Size Analysis 

A Beckman Coulter Laser diffraction-based particle size analyzer (LS 13 320) with a liquid 

module was used to measure the particle size of POM suspensions. Distilled water was used to 

disperse biomass. The particle size of the initial POM and cumulative effluent samples were 

measured for all column experiments. Four to five effluent samples were combined to achieve a 
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sufficient sample volume for analysis (approximately 12-15 ml for effluent samples). The 

cumulative effluents analysis results were assumed to represent the effluents particle size of the 

experiment. The result of influent particle size showed multimodal distribution with micron-sized 

particles in some range of 0.04 to 200 μm. The median volume of particle size was assumed the 

particle size of the influent POM solution (Figure S-8 to Figure S-12). 

4. POM Transport Modeling 

4.1.Model Development 

Colloidal transport in porous medium is commonly described by colloid filtration theory (CFT) 

(Yao et al., 1971), where capture of particles takes place through attachment to a colloid collector. 

Brownian forces, one of the main factors that leads the transport of colloids, causes small particles 

(diameter < 2μm) to be suspended during transport along water flow paths (Packman et al., 2000). 

These “Brownian colloids” generally do not have noticeable settling, so the retention mechanism 

is governed by filtration as well as other possible retention processes. 

In this study POM is treated as a biological colloid whose transport in porous medium can be 

described using a 1-dimensional model of advective and dispersive transport that includes colloid 

filtration as well as sorption to the sediment matrix: 


𝜕𝑐

𝜕𝑡
+

𝜕𝑠

𝜕𝑡
 = (𝐷

𝜕2𝑐

𝜕𝑥2
− (

𝑄(𝑡)

𝐴
)

𝜕𝑐

𝜕𝑥
) −

𝜕𝑓

𝜕𝑡
(1) 

where  is sediment porosity (cm3
fluid/cm3

bulk), c is the concentration of POM in suspension 

(equivalent/cm3
fluid), s is the concentration of sorbed POM (equivalent/cm3

bulk), D is the dispersion 

coefficient (cm2/hr), Q(t) is the measured fluid outflow rate at time t (cm3
fluid/hr), obtained by 

multiplying the measured outflow in cm3
fluid/min by 60, A is the cross-sectional area of the column 
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(4.91 cm2), and f is the concentration of filtered POM (equivalent/cm3
bulk). The expression Q(t)/A 

represents the linear fluid advection velocity; Q(t) is included explicitly in model equation to 

emphasize that the fluid flow rate was not constant over time in our experiments. The unit 

equiv/cm3
fluid adopted for POM is based on our use Chl-a absorbance as a measure of POM 

abundance in the column effluent. In practice, normalized POM abundance (c/c0) was simulated 

by equation 1, such that the actual unit on c in the model is dimensionless.  

Harter et al. (2000) combined velocity-dependent filtration (irreversible) with rate-limited, 

reversible adsorption-desorption to simulate the time-dependent transport of Cryptosporidum 

parvum oocysts in sand columns, which displayed significant asymmetry and tailing in 

breakthrough curve experiments. A similar approach was used to account for the nonideal transport 

behavior of POM in our experiments. In keeping with standard CFT theory, velocity-dependent 

filtration is written as: 

𝜕𝑓

𝜕𝑡 
= 𝑘𝑓𝑖𝑙𝑡𝑐 (2) 

where kfilt is the filtration coefficient (1/cm). Following Harter et al. (2000), rate-limited sorption-

desorption is expressed as: 

𝜕𝑠

𝜕𝑡 
= 𝑘𝑠𝑜𝑟𝑏𝑐 − 𝑘𝑑𝑒𝑠𝑜𝑟𝑏𝑠 (3) 

where ksorb and kdesorb are the forward (sorption) and backward (desorption) rate constants with 

units of 1/hr. Substituting equations 2 and 3 into equation 1, dividing by , and rearranging yields 

the overall transport-reaction equation for suspended POM: 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
− (

𝑄(𝑡)

𝐴
)

𝜕𝑐

𝜕𝑥
− 𝑘𝑓𝑖𝑙𝑡𝑐 − 𝑘𝑠𝑜𝑟𝑏𝑐 +

1


𝑘𝑑𝑒𝑠𝑜𝑟𝑏𝑠 (4) 
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Equations 2 and 3 account for changes in the abundance of filtered and sorbed POM, respectively, 

and were solved simultaneously with equation 4 as described below. A simplified (no reactions) 

advection-dispersion equation: 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
− (

𝑄(𝑡)

𝐴
)

𝜕𝑐

𝜕𝑥
(5) 

was used to simulate the transport of Br tracer, and this expression was also included in the system 

of equations solved in the POM transport-reaction model.  

As described below, significant remobilization of filtered POM occurred when the flow 

direction was reversed. The POM model was expanded to account for this effect, which required 

consideration of two pools of filtered POM (referred to as f1 and f2, both in units of 

equivalent/cm3
bulk) to account for the capture of remobilized POM during transport in the reverse 

direction in the column. Because our experiments involved two flow reversals in sequence, 

remobilization of both pools of filtered POM had to be included in the model. Remobilization was 

depicted as a first-order, velocity-dependent process (essentially the reverse of filtration) acting on 

filtered POM, leading to the following mass balance expressions for suspended POM and the two 

pools of filtered POM depending on flow direction: 

Forward flow ( > 0): 

𝜕𝑓
1

𝜕𝑡 
= (𝑘𝑓𝑖𝑙𝑡||𝑐) (6) 

𝜕𝑓
2

𝜕𝑡 
= −𝑘𝑟𝑒𝑚𝑜𝑏||𝑓2 (7) 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
− (

𝑄(𝑡)

𝐴
)

𝜕𝑐

𝜕𝑥
− 𝑘𝑓𝑖𝑙𝑡||𝑐 − 𝑘𝑓𝑐 +

1


(𝑘𝑏𝑠 + 𝑘𝑟𝑒𝑚𝑜𝑏||𝑓2) (8) 
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Reverse flow ( < 0): 

𝜕𝑓
1

𝜕𝑡 
= −𝑘𝑟𝑒𝑚𝑜𝑏||𝑓1 (9) 

𝜕𝑓
2

𝜕𝑡 
= 𝑘𝑓𝑖𝑙𝑡||𝑐 (10) 

𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2
− (

𝑄(𝑡)

𝐴
)

𝜕𝑐

𝜕𝑥
− 𝑘𝑓𝑖𝑙𝑡||𝑐 − 𝑘𝑓𝑐 +

1


(𝑘𝑏𝑠 + 𝑘𝑟𝑒𝑚𝑜𝑏||𝑓1) (11) 

where  is the absolute fluid flow velocity and kremob is the remobilization rate constant (1/cm). 

For the sake of simplicity, the same filtration and remobilization rate constants were used for both 

pools of filtered POM. Note also that the sorption/desorption reactions operate identically under 

both flow conditions. It should also be noted that remobilization of f1 takes place twice, i.e., during 

the first and second flow reversals (phases 2 and 4 in Figure 5), whereas f2 is remobilized only 

once when flow switches back to the forward direction after the first flow reversal (phase 3 in 

Figure 5). 

4.2.Solution Procedure 

The system of partial differential equations (PDEs) constituting the Br transport model 

(equation 5) and the POM transport-reaction model (including Br tracer) were solved by the 

numerical method of lines (Boudreau, 1997). Equations 2-5 were used for the POM breakthrough 

curve experiments, whereas equations 3, 5 and 6–11 were used for the reverse flow experiments. 

In the numerical of lines approach, the transport equations are discretized in space only (in this 

case using central differencing), resulting in a system of ordinary differential equations (ODEs) 

that can be integrated using a standard ODE solver, where the time step is determined by the solver 

to obtain a prescribed level of accuracy. The fifth-order Runge Kutta package ode45 in Matlab 
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(Matlab algorithm names are shown here in Courier typeface) was used to solve the systems of 

equations with relative and absolute error terms of 1E-3 and 1E-9, respectively. Simulations were 

conducted using 150 node points (0.1 cm spacing) for breakthrough and reverse flow experiments, 

and 300 node points (0.05 cm spacing) for the flow rate variation experiments. The transport of 

mobile species was modeled using flux (third type) upper and lower boundary conditions, which 

allowed for seamless calculation of transitions in Br and POM flux when the flow direction was 

reversed. The instantaneous fluid flow rate (Q(t)) at each time step during the numerical integration 

was computed based on linear interpolation (interp1 routine in Matlab) of the measured fluid 

flow rates (solid lines Figure 1, Figure 3, and Figure 5). Br and POM effluent concentrations were 

plotted versus the fractional number of pore volumes (PV) passing through the column, such that 

all experiments could be interpreted on common fluid throughput basis. Effluent PV was 

calculated based on the running sum of each measured fluid flow rate multiplied by the time 

elapsed during collection of the corresponding effluent sample. As described below, the column 

porosity required for this calculation was determined via trial-and-error simulation of the Br 

breakthrough curve data.  

4.3.Parameter Estimation 

The two key parameters required for simulation of the physical transport of mobile species in 

the columns are sediment porosity and the hydrodynamic dispersion coefficient. Porosity could in 

principle be estimated based on the mass of solids added to each column (126 0.72g, n = 0.35) 

and an assumed particle density on the order of 2.6 g/cm3 for the quartz-dominated Hanford sand. 

However, preliminary simulations showed that accurate reproduction of Br tracer transport 

required selection of a unique porosity for each column. This result can be explained by small 

differences in particle packing geometry from one column to another (i.e. difference in effective 
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porosity, Zheng & Bennett, 2002). Thus, both  and D were estimated by fitting the Br 

breakthrough curves using the measured fluid flow rates (Q(t) values) to drive fluid transport. 

Attempts to extract values for  and D using the nonlinear least-squares parameter estimation 

approach used for the POM models (see below) were not successful, as the nonlinear fitting 

routines failed to converge on a unique set of parameters. Hence, a manual approach was adopted 

to find values for  and D that reproduced the observed Br breakthrough curves. The initial value 

(when Br reaches the half of the influent concentration) for  was set equal to the value estimated 

based on the mass of sediment in the column, and in most cases had to be revised upward slightly 

to capture the initial timing of tracer breakthrough. The simulations were relatively insensitive to 

the value chosen for D, and in practice the range of values used in the simulations (5.0-15.0 cm2/hr) 

produced only small changes in the tracer breakthrough curve. 

The POM breakthrough curves showed no compelling evidence for either retardation or altered 

dispersion relative to the Br tracer (see Figure 1, Figure 3, and Figure 5), i.e. the timing and initial 

trajectory of Br and POM breakthrough were generally quite similar. Hence, retardation was not 

included in the POM model, and the same dispersion coefficient determined for Br tracer was used 

to model POM transport. With these simplifications, the challenge in simulating the POM transport 

experiments was to obtain values for kfilt, ksorb, kdesorb, and (in the case of the flow reversal 

experiments) kremob. The nonlinear least-squares parameter curve-fitting package lsqcurvefit 

in Matlab was adopted for this purpose. During each iteration of the nonlinear fitting procedure, 

the ODE solver was used to produce a set of concentration vs. distance profiles for each of the 

effluent sampling times. The best fit parameter values were those that minimized the sum of 

squares error between the column effluent POM data and the model-calculated suspended POM 

concentration at the final node point in the 1-dimensional spatial domain, i.e. the column effluent. 



15 
 

For the flow reversal experiment, the best-fit values for kfilt, ksorb, and kdesorb for the breakthrough 

curve experiment conducted on the same date were set as fixed values, and the nonlinear curve-

fitting was used to obtain a best-fit value for kremob. 

Preliminary simulations indicated that values on the order of 0.1, 5.0, and 1.0 for kfilt, ksorb, and 

kdesorb produced results that roughly approximated the observed POM breakthrough curves. Hence, 

these values were used initial parameter guesses for the nonlinear curve-fitting procedure. In some 

cases, slightly different initial guesses were employed to speed up convergence, but testing showed 

that the “trust-region-reflective” algorithm in lsqcurvefit converged robustly on best-fit 

values for all data sets. This algorithm was used with the default function and step size convergence 

tolerances of 1E-6, and with a finite difference step size of 1E-3 for evaluation of the Jacobian. An 

initial guess of 0.40 (based on preliminary simulations) was used for fitting of kremob for the flow 

reversal experiment. 

5. Experimental Results  

5.1.Breakthrough Experiments  

Three BT experiments were performed with different, separately grown POM suspensions. 

Average linear flow velocities were 46.0, 38.7 and 35.9 cm/hr for BT-1, BT-2 and BT-3, 

respectively (Figure 1). Experiment BT-3 showed a substantial (44%) decrease in flow velocity up 

to 3 PV, after which the velocity continued at near the average rate until end of the experiment 

(Figure 1.c-2). Normalized Br concentration increased steadily and peaked after 1.3-1.4 PV and 

remained constant until the influent was changed to POM and Br-free solution. Once the influent 

solution was changed, the concentration of Br remained constant for around 0.5 PV, then decreased 

in mirror image to the breakthrough pattern. Br concentration was reduced by 98% of initial after 

1 PV of Br-free influent.  
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There was no delay in the timing of POM breakthrough compared to Br tracer. In BT-3, POM 

broke through slightly earlier than Br (Figure 1.c-1). Although the initial arrival time of POM was 

the same as the conservative tracer, attenuation of POM transport clearly took place, as the effluent 

POM concentration was substantially lower than c0 in all the experiments. Consistent with these 

findings, the particle size of the effluent POM ranged from ca. 2.0-5.0 m compared to ca. 5.0 to 

200 m for the influent suspensions, clearly indicating removal of larger particles (Table 1). POM 

breakthrough curves exhibited skewness and tailing in all three experiments (Figure 1). Maximum 

POM concentration varied, but all POM concentration curves displayed a linear increase after the 

initial rapid rise in POM on the front end of the breakthrough curve. The post-breakthrough linear 

increase differed among the experiments, with BT-1 showing a steeper increase compared to BT-

2 and BT-3. After POM input was terminated, POM concentration decreased after ca. 0.8 PV and 

entered a tailing or elution plateau phase. Although all experiments displayed this tailing and 

elution plateau, their starting points and intensity was variable, with BT-1 showing earlier and 

more extensive tailing than BT-2 and BT-3. The BT-1 and BT-3 column showed the highest ATP 

concentration with 7.93 and 3.19 pmol/g near the column inlet, respectively (Figure 2) (note the 

BT-2 column was not analyzed). In general, ATP decreased extensively within the front inlet half 

of the column, after which it decreased only slightly or remained approximately stable. 

5.2.Velocity Experiments 

Three velocity (VE) experiments were performed with mean linear velocities of 104.9, 56.3 

and 29.6 cm/hr (VE-Fast, VE-Medium, VE-Slow, respectively) to examine the influence of flow 

rate on POM retention. Flow rates changed  10% compared to the average velocity during each 

VE experiment (Figure 3). The average particle size in the influent and effluent suspensions was 

9.7 μm and 6.2 μm, respectively (Table 1). At all three flow rates, Br and POM breakthrough took 
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place at nearly the same time, i.e., there is no significant delay in POM breakthrough curve relative 

to Br (Figure 3). As observed in the BT experiments, following initial breakthrough, POM 

concentration continued to increase in a linear fashion as the column received additional POM 

input. Effluent POM c/c0 values were similar for the slow and fast flow rate experiments, and 

somewhat higher compared to the medium flow rate column. ATP concentration decreased with 

distance from the inlet in both the fast and slow (note the medium flow column was not analyzed) 

VE columns (Figure 4). The fast flow rate column, which received greater POM input, had a higher 

ATP content than the slow flow rate column. 

5.3.Flow Reversal Experiments 

Two flow reversal (FR) column experiments were conducted to examine the potential for 

remobilization of previously filtered/sorbed POM. The same POM suspension used in the BT-1 

experiment was used for the first FR experiment (FR-1). A different POM suspension was used 

for FR-2 experiment, which had a ca. 2-fold smaller mean particle size (5.2 μm) compared to FR-

1/BT-1 (Table 1). Br transport during the first two phases of the FR experiments was similar to the 

BT experiments, approaching the influent concentration after ca. 1.2 PV. Br was added to the 

ARW in the third phase of FR-1 to trace the return of forward flow through the column. Here again 

Br breakthrough reached the influent concentration after around 1.2 PV (Figure 5.a-1). 

Consistent with the BT and VE experiments, POM showed no evidence of retardation relative 

to Br in the first phase of the FR experiments, and there was a similar linear increase in effluent 

POM following initial breakthrough (Figure 5). Effluent POM concentration increased sharply 

(c/c0 rose to 2.1 and 2.4 for FR-1 and FR-2, respectively) when the flow direction was reversed in 

the second phase of the experiment. There was no parallel increase in Br tracer concentration, 

indicating remobilization of POM that had been retained near the column inlet during phase 1. 



18 
 

POM concentration subsequently decreased rapidly and displayed tailing similar to that observed 

in the BT experiments. Upon resumption of forward flow (phase 3), effluent POM concentration 

rose again, to c/c0 values of 0.23 and 0.36 for FR-1 and FR-2, respectively. Again, there was no 

parallel increase in Br, indicating a second period of POM remobilization. After about 1.8 PV of 

ARW inflow, POM concentration decreased to < 1 % of c0 and remained stable until the second 

flow reversal. Upon resumption of reverse flow (phase 4), effluent POM increased again to 0.28 

and 0.23 for FR-1 and FR-2, respectively, and then decreased to a stable low concentration. ATP 

concentrations were lower in the FR-1 column compared to the BT-1 column in which no 

remobilization took place (Figure 6). In addition, ATP showed a smoother distribution/decreasing 

within the FR-1 column, indicating loss/redistribution of biomass during the flow reversals. 

5.4.Transport-reaction Modeling 

Figures 1-6 include the results of the transport-reaction modeling analysis described in section 

4, using the parameter values summarized in Table 1. Note that the models included both 

suspended (mobile) and solid-phase (immobile) POM, and the simulated distributions shown in 

Figure 2, Figure 4, and Figure 6 represent the sum of filtered and sorbed POM. In all cases, the 

simulations faithfully reproduced the overall patterns of POM and Br tracer transport. The results 

of the simulations are discussed in detail below in relation to into the factors that controlled POM 

movement through the columns. 

6. Discussion 

6.1. Extent of POM Retention 

A substantial fraction (ca. 60-80%) of photosynthetic biomass was retained during the initial 

period of forward flow input to the Hanford sand columns (Figure 1, Figure 3, and Figure 5). The 

observed extent of retention was in the lower range of values observed in studies of pure culture 
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algal transport in River Elbe river hyporheic zone sediments (Kloep & Röske, 2004), as well as 

studies of Cryptosporidium parvum oocysts in sand column experiments (Thomas Harter et al., 

2000). The dominant algal taxa in our POM cultures were different from the pure cultures 

employed by Kloep and Röske (2004), which in most cases were several-fold larger than the 

organism in our cultures. The approximate hydraulic conductivities (as an indicator of sediment 

grain size) in our columns (on the order 5-10 × 10-5 m/s) were comparable to those in the River 

Elbe sediment columns, and we therefore attribute the lower retention observed here to the smaller 

size of the dominant photosynthetic organisms.  The Cryptosporidium oocysts studied by Harter 

and Wagner (2000) were on the order of 5 µm in diameter, comparable to the lower range of 

particle sizes in our experiments. The retention in our experiments was generally comparable to 

that observed at high flow rates in medium and coarse sand described in Harter and Wagner (2000). 

The flow rates in our experiments (ca. 10-20 m/d) were comparable to the high flow rates in Harter 

and Wagner (2000) (14 m/d), and the materials used in our columns was a mixture of medium-to-

coarse sand (125-2000 µm). Thus, it appears that the comparable levels of POM and 

Cryptosporidium oocyst retention can be explained by similarities in colloid particle size, fluid 

flow velocity, and the hydraulic properties of the sand used in the columns. The possibility 

certainly exists that the fundamental transport properties of the photosynthetic biomass are 

different from Cryptosporidium oocysts, and our data are not sufficient to rule out possible 

confounding effects of variable particle size on POM retention compared to Cryptosporidium 

oocysts. Nevertheless, as a first step it seems reasonable to interpret our findings in a framework 

akin to that adopted by Harter and Wagner (2000) to model Cryptosporidium oocyst transport.  
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6.2.Mechanisms Controlling POM Retention 

The BT experiments demonstrated non-ideal transport of POM, where colloid concentration 

did not reach a steady plateau following initial breakthrough, and where significant tailing took 

place on the falling limb of the breakthrough curve (Figure 1, Figure 3, and Figure 5). Molnar et 

al. (2015) provide a detailed review of reasons why such non-ideal colloid transport may take 

place. For example, non-plateau breakthrough behavior may result from blockage of colloid 

collection sites due to limited pore space. While this phenomenon may have taken place in our 

experiments, we have no independent information upon which to verify if this was the case. In 

addition, collection site blockage cannot in any way explain the tailing (i.e., colloid re-entrainment; 

Molnar et al., 2015) observed in the second phase of the breakthrough curves. As suggested by 

Harter and Wager (2000), one way to explain both of these behaviors is rate-limited 

sorption/desorption of colloids to/from the sediment matrix which takes place in parallel with 

standard velocity-dependent filtration. The combination of these two processes robustly 

reproduced observed POM retention in the BT experiments. The variable filtration rate and 

sorption/desorption rate parameters required to fit the three BT experiments can be explained by 

differences in the particle size and surface properties of the different photosynthetic cultures, as 

well as possible variations in column hydraulic properties. The fact that the BT experiment 

simulations generated solid-phase POM distribution profiles qualitatively similar to observed ATP 

distributions (Figure 2) suggests that the model captured the basic transport behavior of POM in 

the columns. High biomass concentration near the column inlet indicates that retention of POM is 

maximal near the source of colloid input. This result is similar to the observed penetration of 

particles is a maximum 5.5 cm depth in a streambed (Drummond et al., 2017) as well other colloid 

column transport studies (Redman et al., 2001; Tufenkji et al., 2003). 
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Previous studies have shown that fluid flow velocity can have a significant effect on biological 

colloid retention (Bradford et al., 2009; Thomas Harter et al., 2000; Park et al., 2012; Zarnetske et 

al., 2007). This is explained in the CFT framework as the effect of flow rate on the efficiency of 

the interaction of colloids with collector sites (Molnar et al., 2015). However, our VE experiments 

showed no observable consistent trend or linear relationship between the effluent concentration 

and velocity (Figure 3), with estimated filtration coefficients of 0.0627, 0.0801, 0.0472 cm-1 for 

the fast, medium, and slow flow velocity experiments, respectively (Table 1).The absence of a 

major impact of flow velocity on POM retention is consistent with the relative abundance of 

retained biomass in the fast vs. slow flow VE columns. With a velocity-independent filtration 

process, retained biomass should scale directly with flow rate, which is exactly what was observed, 

where the fast flow column had roughly 3-folder higher ATP compared slow flow column (Figure 

4), in agreement with the ca. three-fold higher flow rate (Table 1). In the Harter and Wagner (2000) 

Cryptosporidium oocyst transport experiments, a 10-fold increase in flow rate decreased the 

filtration constant ca. 4- and 8-fold for medium and coarse sand columns. Additional experiments 

are required to determine if a much larger range in fluid flow might induce velocity-dependent 

POM filtration. It should be noted that VE columns had slightly with different porosities (Table 

1), and that there was a ±10% variation in flow rate in the VE experiments (Figure 3). The initially 

(first PV) slower flow rate in the VE-slow column may have caused temporary retention of colloids 

in the porous media followed by an increase in POM outflow concentration with increasing 

velocity. Although not yet verified by experimental observation, recent pore-space colloid 

transport modeling studies suggest that temporary retention may be caused by below-average 

velocity pore spaces (Li et al., 2010; Li et al., 2012; Torkzaban et al., 2008). This phenomenon, in 

addition to slight variations in column hydraulic properties, could have played a role in masking 
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possible velocity-dependent filtration effects across the relatively narrow range of flow rates in 

our VE experiments. 

Our experiments suggest that sorption also played a role in controlling the POM transport in 

the Hanford sand columns, with the balance between rate-limited sorption and desorption 

producing a time-dependent effect on POM efflux. The relative importance of sorption was much 

greater in BT-1 compared to BT-2 and BT-3 (Figure S-13), which led to more distinct skewness 

in both stages of the experiment. In addition to reproducing the non-plateau retention behavior in 

the first phase of the BT experiments, the onset of colloid desorption accounts for tailing behavior 

later in the experiments. Harter and Wagner (2000) reported similar behavior tailing behavior for 

Cryptosporidium oocysts, although the effect was generally less pronounced that those observed 

here with similar geological media and flow rates. As discussed in more detail below, such tailing 

behavior could be critical for long-term transport of POM in the subsurface despite its low 

concentration, a question that needs further study. Our results demonstrate the potential need for 

more sophisticated models of POM transport (e.g., which invoke multiple pore domains or time-

dependent simulation of changes in pore-scale transport processes), given that the current 

framework did not in all cases reproduce all the details of the POM breakthrough and tailing 

behavior. 

Retention of colloids also depends on the particle size of colloids, where larger particles are 

removed from suspension due to strong repulsive energy barrier with collector, while smaller 

particles follow less retentive diffusive/dispersive transport (Huber et al., 2000; Molnar et al., 

2015). This effect was clearly demonstrated by the difference in the size range of particles in the 

POM influent versus effluent suspensions (Figure S-8 to Figure S-12). POM influent and effluent 

particle size shows substantial variations among each of our experiments, all of which likely 
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contributed in a complex way to variations in best-fit filtration and sorption/desorption rate 

parameters.  

6.3. Effect of Flow Reversal 

To examine the effect of flow reversal effect on POM mobility and transport, columns 

previously fed with POM were back-flushed with POM-free ARW at flow rates comparable to 

those imposed during POM loading. This approach is analogous to that employed for sand bed 

filtration during water treatment (Arndt & Wagner, 2004; Sparks & Chase, 2016), albeit at much 

lower fluid flow rate and pressure. CFT assumes that filtration is an irreversible sink for biological 

colloids (Thomas Harter et al., 2000). However, the FR experimental results (Figure 5) showed 

significant remobilization of POM upon flow reversal, an effect that was not observed during 

extended flushing the column in the constant-same flow direction. Similar, although not identical, 

results were observed in two separate experiments conducted in the same manner. These findings 

clearly demonstrate that POM retained by a combination of filtration and reversible sorption is 

subject to remobilization when the flow direction is reversed. Model simulations with kremob set 

equal to zero showed that this remobilization was not simply the result of desorption of POM 

during passage of POM-fee fluid through the column (Figure S-14). Although the best-fit 

parameters determined for experiment FR-1 (Figure 5.a-1) did not exactly reproduce the results 

for a second experiment (Figure 5.b-1), the same basic pattern was revealed. 

Flow direction was changed three times in each FR experiment, and each time POM 

concentration increased and resulted in pulse of POM efflux (Figure 5). The model faithfully 

reproduced this pattern, although the exact timing and magnitude of the remobilization was not 

precisely predicted. Suspended POM concentration reached twice the POM input concentration 

(i.e. c/c0 increased to a value ≥ 2) during the first flow reversal. In the subsequent two flow 
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reversals, remobilization was much lower, with suspended POM increasing to ca. 25% of the input 

concentration. The much higher release of POM after the first flow reversal is explained by the 

larger amount of POM in the column following the initial loading phase. ATP abundance and 

distribution in the forward-flow only column (BR-1) versus the flow reversal column (FR-1) 

reflects substantial loss of previously immobilized POM as a result of the flow reversals (Figure 

6). 

The observed remobilization of filtered POM can be viewed as essentially the reverse of the 

initial colloid filtration process. POM retained on collector sites during loading in one direction 

was dislodged when the flow direction was reversed. Thus, although the VE results do not support 

velocity dependent filtration rates (see above), the FR experiments clearly demonstrate that 

filtration is dependent on flow direction. This is an intuitive result in that it is common knowledge 

that material retained on a filter or sieve can be removed by passing fluid across the barrier in the 

opposite direction. As discussed below, this observation has critical implications for long-term 

POM transport and accumulation on riverbed/hyporheic zone sediments where fluid reversal 

occurs on some time scale. 

6.4. Implications for Riverbed Biogeochemistry 

River stage-driven exchange of water and solutes between the surface and groundwater is 

active at relatively short time scales in regulated rivers (Arntzen et al., 2006; Peterson, 2001), 

leading to potentially significant differences in HZ biogeochemical cycling compared to 

unregulated river (D. Siergieiev et al., 2014). Stegen et al. (2016) demonstrated that short-term 

river stage fluctuations related to flow regulation at the Priest Rapids dam influences the 

composition and decomposition of DOM in HZ sediments within the Hanford Reach of the 

Columbia River in eastern Washington. It is well known that hydraulic transport and deposition of 
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fine particles (including POM) is a key component of biogeochemical cycling in riverine systems 

(Drummond et al., 2017; Hope et al., 1994; Trimmer et al., 2012). This fact, together with the 

important influence of river stage variation on HZ hydraulic flux in regulated rivers, provided the 

motivation for the present study on POM transport in model riverbed sediment columns. The 

experimental results show that 60-80% of the POM introduced in the sand columns (Figure 1, 

Figure 3, and Figure 5) was removed from suspension as a result of filtration and rate-limited 

sorption of POM to sediment solids. 

It must be acknowledged that our POM cultures are different from the surface-associated 

biological colloids present in the Hanford Reach of the Columbia River. Although rich in POM 

(up to ca. 10%; Napieralski et al., unpublished data), this surface “fluff” (Figure S-15) is a mixture 

of organic and inorganic materials, including clay and fine silt particles. The characteristics of the 

in situ “fluff” will certainly affect its transport properties in the riverbed, and thus it is possible 

that our laboratory grown algae do not accurately reflect in situ biological colloids. Despite these 

limitations, our results provide valuable preliminary insight into POM transport under dynamic 

hydrologic regimes that characterize the Hanford 300 Area riverbed. 

The flow rates employed in our experiments (on the order of 50 cm/hr) were much higher than 

those typical of the Hanford reach of the Columbia River (on the order of 50 dm/d; Fritz and 

Arnzten, 2006), which raises the question of whether our results are representative of the in situ 

riverbed environment. The VE experiments provided no clear evidence for changes in POM 

retention as a result of ca. 3-fold changes in fluid flow velocity. However, even the slow flow rates 

were much higher than in situ hydrologic fluxes. Nevertheless, classical CFT would suggest that 

higher flow rates would reduce filtration efficiency, i.e., more extensive retention would be 

expected at slower flow rates, as demonstrated in the Cryptosporidium oocyst transport studies 
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reported by Harter and Wager (2000). In light of these facts, it seems likely that if anything the 

lower in situ fluid flow rates compared to our experiments would promote even more efficient 

retention of POM in near-surface riverbed sediments. Thus, the extensive retention of fresh POM 

observed in our experiments probably provides a realistic indication of what takes place in the 

Hanford 300 Area riverbed, i.e., that suspended POM colloids that enter the riverbed as a result of 

river stage-driven fluid fluxes are likely to accumulate in the upper several cm of sediment. This 

assertion has recently been confirmed by in situ “POM trap” experiments (Bulur et al., 2020, 2021; 

Roden et al., 2021)which showed substantial accumulation of POM in the fine-grained (< 0.25 

mm) fraction of sediments within the upper 5-10 cm of the riverbed. These findings have wide-

ranging implications for biogeochemical cycling in both near-surface sediments as well the 

broader HZ which is hydrologically connected to the riverbed. As an example of such impacts, 

numerical reactive transport simulations, which incorporated POM transport processes calibrated 

using the results of this study, show that release of DOM from surface sediment POM degradation 

has the potential to drive dissolved oxygen depletion and the onset of anaerobic metabolic 

processes deeper within the HZ (Bulur et al., 2020, 2021; Roden et al., 2021)Though still 

preliminary, these results provide some of the first direct evidence for the likely fundamental 

impact of POM input, transport, and metabolism in HZ systems. 

Another key implication of our findings relates to the influence of reversals in HZ fluid 

flow direction, which takes place on a variety of time scales (including daily) in the Hanford reach 

of the Columbia River (Fritz & Arntzen, 2007; Zachara et al., 2020). As is well-known from the 

water quality engineering literature (Arndt & Wagner, 2004), such flow reversals have the 

potential to alter the stability of both inorganic and organic colloids retained by filtration processes. 

The question addressed here therefore was whether or not reversal of fluid flow direction would 
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cause mobilization of previously filtered/sorbed POM. Our results clearly suggest that this is case, 

where colloid re-entrainment following flow reversal led to suspended POM concentrations ca. 2-

fold greater than the initial input concentration (Figure 5), and substantial loss of retained biomass 

within the column (Figure 6). These results indicate that frequent fluid flow reversals in Hanford 

riverbed have the potential to remobilize POM, possibly leading to re-release into the water 

column, and in any case to redistribution of POM within the near-surface riverbed sediment. 

Preliminary simulations (data not shown) indicate that multiple cycles of POM input and 

flow reversal can lead to downward migration of a POM accumulation front that is enhanced by 

the tailing of colloid transport observed in the BT experiments. A complex interplay between such 

transport-driven effects on POM abundance/distribution and microbial POM degradation is likely 

to arise, e.g., leading for the potential for depletion of POM stocks during periods of low river flow 

and accumulation during high river stage and extensive hydrologically-driven colloid influx. 

Siergieiev et al. (2014) provided evidence for residence-time related dynamics in suspended 

sediment composition in regulated versus unregulated boreal rivers. Although the influence of 

these dynamics on riverbed surface sediment were not evaluated, the results of this study and our 

ongoing work on POM input/transport in Hanford Reach sediments suggest the potential for 

similar impacts. The transport-reaction model developed based on the results of this work could 

be used to simulate these dynamics on a variety of spatial and temporal scales to explore how of 

river flow may influence HZ biogeochemical function vis-à-vis colloidal POM transport. 
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7. Figures and Table 

 

Figure 1. Effluent Br and POM concentrations (left panels) and linear flow velocities (right panels) 

for the three BT experiments (a-1, a-2 = BT-1; b-1, b-2 = BT-2; c-1, c-2 = BT-3). Solid and dashed 

lines in the left panels show results of transport-reaction model simulations using the parameters 

listed in Table 1; solid lines in right panels show linear interpolation of measured flow rates. R2 

indicates result for POM simulation. 
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Figure 2. ATP concentrations in the BT-1 and BT-3 columns. Solid and dashed lines show results 

of transport-reaction model simulations using the parameters listed in Table 1. 
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Figure 3. Effluent Br and POM concentrations (left panels) and linear flow velocities (right panels) 

for the three VE experiments (a-1, a-2 = VE-Fast; b-1, b-2 = VE-Medium; c-1, c-2 = VE-Slow). 

Solid and dashed lines in the left panels show results of transport-reaction model simulations using 

the parameters listed in Table 1; solid lines in right panels show linear interpolation of measured 

flow rates. 
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Figure 4. ATP concentration in the VE-fast and VE-slow columns. Solid and dashed lines show 

results of transport-reaction model simulations using the parameters listed in Table 1. 
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Figure 5. Effluent Br and POM concentrations (left panels) and linear flow velocities (right panels) 

for the two FR experiments (a-1, a-2 = FR-1; b-1, b-2 = FR-2). Solid and dashed lines in the left-

hand panels show results of transport-reaction model simulations using the parameters listed in 

Table 1; dotted lines represent the phases and flow direction (red: phase 1 (forward); yellow: phase 

2 (reverse); blue: phase 3 (forward); grey: phase 4 (reverse)). Solid lines in right-hand panels show 

linear interpolation of measured flow rates.  
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Figure 6. ATP concentrations in the BT-1 and FR-1 columns. Data for BT-1 (Figure 2) are 

included here to facilitate comparison with FR-1. Solid and dashed lines show results of transport-

reaction model simulations using the parameters listed in Table 1. 
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Table 1. Physical and model parameters of experiments 

 

POM 

Particle 

Size a(μm) 

C0 

(AU) 

v b 

(cm/hr) 

k c 

(m/s) 
 

D 

(cm2/hr) 

kfilt 

(1/cm) 

ksorb 

(1/hr) 

kdesorb 

(1/hr) 

kremob 

(1/cm) 

BT-1 10.0 0.163 46.0 1.32x10-04 0.385 5.00 0.0706 4.7506 1.4744 - 

BT-2 4.7 0.150 38.7 1.60x10-04 0.376 6.67 0.0278 0.9180 3.2061 - 

BT-3 8.1 0.151 35.9 1.45x10-04 0.388 7.30 0.0437 0.6603 1.5964 - 

VE-Fast 9.7 0.201 104.9 1.66x10-04 0.360 10.20 0.0627 2.7758 1.6894 - 

VE-Medium 9.7 0.205 56.3 9.79x10-05 0.334 13.70 0.0801 3.4147 1.0154 - 

VE-Slow 9.7 0.199 29.6 6.25x10-05 0.380 8.00 0.0472 1.8150 0.6116 - 

FR-1 10.0 0.157 46.9 1.37x10-04 0.380 4.90 0.0706d 4.7506 d 1.4744d 0.2895 

FR-2 5.2 0.196 54.1 - 0.389 8.28 0.0706d 4.7506d 1.4744d 0.2895e 
a   Median particle size  

b Average linear velocity 
c Hydraulic conductivity 

 

d Parameters are obtained from the BT-1 experiment model result  

e Remobilization parameter is obtained from the FR-1 model result  
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Supplemental Materials 

 

 

Figure S-1. (Upper Figure) Periphyton-colonized rock collected from the Hanford Reach of the 

Columbia River. (Lower Figure) The POM cultivation under full spectrum growth lights. 
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Figure S-2. Column saturation process. 

  

Figure S-3. Experimental Setup. a. Mixer, b. POM containing tank, c. Inlet head, d. Outlet head, 

e. Fraction collector. 
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Figure S-4. Breakthrough experimental setup. 1. Forward direction flow with ARW containing 

POM and Br in the first phase, 2. Forward direction flow with POM- and Br-free ARW in the 

second phase. 
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Figure S-5. Flow reversal experimental setup. 1. Forward direction flow with ARW containing 

POM and Br in the first phase, 2. Reverse direction flow with POM- and Br-free ARW in the 

second phase, 3. Forward direction flow with ARW containing Br in the third phase, 4. Reverse 

direction flow with POM and Br-free ARW in the fourth phase. 
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Figure S-6. Collected effluent samples. 

 

  

Figure S-7. Sediment sample preparation for ATP analysis. 
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Table S-1. BR and FR experiments phase change interval. 

 
Phase 1 

(Forward Direction) 

(POM+Br+ARW) 

Phase 2 

(Reverse Direction) 

(ARW) 

Phase 3 

(Forward Direction) 

(Br+ARW) 

Phase 4 

(Reverse Direction) 

(ARW) 

BR-1 0-5.4 PV 5.4-11.4 PV - - 

BR-2 0-3.8 PV 3.8-7.5 PV - - 

BR-3 0-3.7 PV 3.7-6.2 PV - - 

FR-1 0-4.2 PV 4.2-6.7 PV 6.7-8.5 PV 8.5-10.9 PV 

FR-2 0-3.8 PV 3.8-6.5 PV 6.5-10.0 PV* 10.0-11.9 PV 

*Column was fed only ARW  
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Figure S-8. Influent (upper) and effluent (lower) particle size for BT-1 and FR-1 experiment. 
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Figure S-9. Influent (upper) and effluent (lower) particle size for BT-2 experiment. 
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Figure S-10. Influent (upper) and effluent (lower) particle size for BT-3 experiment. 
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Figure S-11. Influent (upper) and effluent (lower) particle size for VE experiments. 
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Figure S-12. Influent particle size for FR-2 experiments. 
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Figure S-13. Filtered POM (left panels) and sorbed POM (right panels) through the column 

length for the three BT experiments (a-1, a-2 = BT-1; b-1, b-2 = BT-2; c-1, c-2 = BT-3). *Total 

reversible sorption process including sorption and desorption. 
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Figure S-14. Effluent Br and POM concentrations (left panel) and linear flow velocity (right panel) 

for FR-1 experiment with kremob=0. All other parameters are the same as in the FR-1 experiment 

in Table 1, except for the kremob. Solid and dashed lines in the left-hand panels show results of 

transport-reaction model simulations using the parameters listed in Table 1; dotted lines represent 

the phases and flow direction (red: phase 1 (forward); yellow: phase 2 (reverse); blue: phase 3 

(forward); grey: phase 4 (reverse)). Solid lines in right-hand panels show linear interpolation of 

measured flow rates. 
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Figure S-15. POM intrusion into Hanford riverbed. 


