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Figure 2.8 Falling Head Conductivity test setup. 
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Figure 2.9 Falling Head Hydraulic Conductivity test of 120 g of 2:1 75:250 um sand mixture for 
high flow deployment. Effective hydraulic conductivity of 0.37 m/d. 

 

Figure 2.10 Falling Head Hydraulic Conductivity test with 20 g of 2:1 75:250 um sand mixture 
for low flow field deployment. Effective hydraulic conductivity of 4.97 m/d. 
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Figure 2.11 Falling Head Hydraulic Conductivity test with 120 g of 2:1 250:75 um sand mixture 
for use with HD-PSFM testing. Effective hydraulic conductivity of 0.26 m/d. 

2.4 Sampler Preparation, Deployment, and Extraction 

2.4.1 Loading of Alcohols to Granular Activated Carbon  

Approximately 200 g of GAC was washed in glass jars using DI water until rinse water 

was clear. The 5 alcohols were then added into the water, 2 ml each of Methanol, Ethanol, 2-

Propanol (IPA), and tert-Butyl Alcohol (TBA), as well as 1 ml of 2,4-dimethyl-3-pentanol 

(DMP). The solutions was then rotated to allow for sufficient adsorption of the alcohols on the 

GAC and then stored in a fridge until use in the sampler. 

2.4.2 Sampler Packing and Deployment 

The sampler was packed in the reverse order of flow through the device. First, the sand 

combination which was to be used for the desired hydraulic conductivity was weighed and 

mixed. With the ball valve on the back cap closed, the sand was then wet packed into the bottom 

of the sampler. Next 120 g of the alcohol dosed GAC was weighed and wet packed into the 

sampler. Next the ion exchange resin (Lewatit MonoPlus MP 500) was packed with the total 
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mass packed being recorded. Between each layer a piece of glass wool was used to keep the 

materials from mixing with one another. Once all the layers were packed the front cap was 

screwed on and water was added to the void space. A cap was then placed on front inlet for 

transport.  Teflon tap was also wrapped around all threading in order to prevent leaking.  

Following packing, samplers are stored in a fridge in order to keep any alcohols from 

releasing due to vaporization. Samplers are also kept on ice during travel. Samplers are deployed 

in stream at approximately six-tenths from the bottom of the stream stage height in the deepest 

section of the stream so that samplers remained submerged throughout the deployment time and 

so erosion of the stream bed did not cover the sampler. Deployment time varies according to the 

amount and size of storm events that take place during deployment, ideally one deployment 

should only encompass one storm event but could be deployed for more as long as the alcohol 

tracers are not completely depleted. 

2.4.3 Analysis of Nitrate and Alcohol Tracers Post Deployment 

The sorbent and the resin in the PSFM were sampled after retrieval of the sampler from 

the field site. The anion exchange resin was removed from the sampler, weighed, homogenized 

and ~2 g of resin was used for extraction using the method described in Section 2.3.2. At least 

three samples from each sampler were analyzed and averaged for QA/QC.  

Pre- and post-deployment samples of the GAC were taken in order to determine ω, the 

mass fraction of alcohol tracer remaining on the GAC. The pre-deployment samples were taken 

from the excess GAC that was not packed in the PSFM, this sample was exposed to the same 

conditions as that of the GAC being packed thus should represent the initial concentration of the 

alcohols that was sorbed to the GAC. After the PSFM had been deployed the GAC layer was 

completely removed from the sampler. The post-deployment samples well mixed to homogenize 

the sample and approximately 1.5 g of GAC was placed in a 40 ml glass vial filled with 35 ml of 

Isobutyl alcohol (Figure 2.12). The tracer alcohols have a higher affinity for other alcohols then 

for water thus elute from the GAC when mixed. Samples were rotated for 24 hours before being 

 



33 
 

 

refrigerated. The supernatants were then transferred to 2 ml GC vials in order to be analyzed by 

GC-FID.  

 

Figure 2.12 Extraction vials for alcohols and nitrate. The vial on the left is filled with Isobutyl 
Alcohol and alcohol dosed GAC. The vial on the right is filled with 2 M KCl and ion 
exchange resin. 

Samples were analyzed using an Agilent-6890N GC-FID with a DB-624 column (30 m 

length, inside diameter of 0.320 mm, film thickness 1.8 um). The GC-FID method is as follows. 

The injection volume was 1 µl. The starting temperature was 80° C for 2.9 minutes followed by a 

20°C/min ramp to 250°C and sustained there for 2 minutes. The column pressure was set at 11.9 

psi, with an injection split ratio of 30:1. This resulted in a total flow rate of 61.0 ml/min. The 

detector temperature was 280°C with an air flow of 450 ml/min, an H2 flow of 40.0 ml/min, with 

a nitrogen carrier gas as the make-up with a flow of 20 ml/min. Calibration curves, R2>0.995 
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using 6 different concentrations, 50, 100, 200, 500, 1000, and 2000 mg/L, for each alcohol were 

created, the slope was used to determine the concentration of alcohol before and after 

deployment. For statistical analysis samples were taken in at least triplicate and averaged.  

2.5 Data Analysis 

2.5.1 Estimation of Water Flux  

Measured concentrations of the alcohols pre- and post- deployment were normalized 

using the concentration of DMP, and replicates were averaged. Then using equation 2.9, ω, was 

determined for each alcohol. The ω value was then used in equation 2.16 the time-averaged head 

loss across the sampler, ΔH, is determined for each alcohol. Using the headloss through the 

device ΔH, the flowrate though the device, Qd was calculated using equation 2.5. The water flux 

estimates of the alcohols with ω ranging from 0.200 to 0.850 were then averaged to determine 

the water flux during the deployment. 

2.5.2 Estimation of Nitrate Flux 

Absorbances of the extractant 2M KCl solutions were measured using a Varian Cary 50 

Bio UV-Vis spectrophotometer, and converted to concentrations of nitrate using the appropriate 

calibration curve. Concentrations were then used in equation 2.20 to calculate the total mass of 

nitrate per mass of resin. The data was corrected by subtracting the interferences from the mass 

collected and multiplying by the extraction efficiency. Replicates of each deployment were then 

averaged and the standard deviation was determined. The average and standard deviation were 

then multiplied by the total mass of resin extracted from the sampler to give the total mass of 

nitrate collected over the deployment period. This was divided by the deployment period to 

estimate the nitrate flux Md, from equation 1.7. 

2.5.3 Estimation of Flow Averaged Concentration 

The mass flux estimated in Section 2.5.2 was divided by the water flux estimated in 

Section 2.5.1 to estimate the flow averaged concentration.  
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2.6 Summary 

Laboratory experiments were completed in order to determine the proper detection to 

determine nitrate fluxes using the PSFM. The mass of nitrate collected on the ion-exchange resin 

was extracted using 2M KCl solution and analyzed using a spectrophotometer. Calibration 

curves for nitrate in 2M KCl and water were created, and the extraction efficiency was 

determined to be 81%. Hydraulic conductivity tests were completed in order to determine which 

combination of sand particles led to adequate flow through the device depending on the flow 

conditions. For high flow conditions 120 g of 2:1 75:250 um sand was used resulting in a 

hydraulic conductivity of 0.37 m/d was used. For low flow conditions 20 g of 2:1 75:250 um 

sand was used resulting in hydraulic conductivity of 4.97 m/d. For use with the alternative 

Reservoir design a sand combination of 120 g of 2:1 250:75 um sand was used resulting in a 

hydraulic conductivity of 0.26 m/d. Extraction of the alcohols from the GAC were completed 

following methods set forth by previous work by Hatfield, Padowski, Basu, Sassman, and 

Boland. 
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CHAPTER 3: CLEAR CREEK FIELD DEPLOYMENT 

3.1 Introduction 

A field deployment experiment was conducted to demonstrate the ability of the PSFM to 

measure water and solute (nitrate) fluxes under transient flow conditions. This was a natural 

progression from the flume experiments done by Boland (2011) in which the PSFM was 

observed to perform adequately under laboratory conditions. The field study was conducted 

between June and November of 2012 in the Clear Creek Watershed in Iowa. The deployment 

locations were selected based on the following criteria: 1) accessibility of site and 2) co-located 

USGS stream gages and IIHR water quality monitoring stations. The second criteria was used to 

ensure that the solute fluxes measured using PSFM could be validated with independent 

measurements. 

3.2 Field Site Description 

Clear Creek, a HUC-10 watershed located west of Iowa City, Iowa, has been well studied 

by researchers at the University of Iowa (Dean, 2011; Loperfido, 2009; Papanicolaou, et al., 

2008; Putney, 2010; Rayburn, 2006). Clear Creek drains into the Iowa River. It covers a total 

land area of 267 square kilometers (Loperfido, 2009). The watershed is comprised of 

approximately 85% agricultural land, 8% forest cover, 6% roads or urban cover, with the 

remainder being water or barren land (Figure 3.1) (Loperfido, 2009).  

There are two USGS sites located within the watershed one at Oxford (Lat 41°43’06”, 

Long 91°44’24”), which has a drainage area of 151.2 square kilometers, and another at 

Coralville (Lat 41°40’36”, Long 91°35’55”) which has a drainage area of 254.1 square 

kilometers (Figure 3.1). The USGS sites have sensors that monitor gage height at 15-minute 

intervals. There are also two IIHR Water Quality monitoring stations co-located with the USGS 

sites, and maintained by Dr. Caroline Davis of The University of Iowa, as a part of the IIHR 

Nutrient Monitoring study.  
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The water quality monitoring stations are equipped with sensors Hach Nitratax sc plus 5 

mm sensors for nitrate, water chemistry and turbidity that measure these parameters at 15-minute 

intervals. The Nitratax is connected to a Hach sc200 controller and data was logged by a 

Campbell Scientific CR1000 datalogger. Since the sensors need a power source in order to 

collect and store data two 12V marine batteries are used and charged using two 20W solar 

panels. The electronic equipment is stored at the top of the creek bank. Cords connecting the 

sensors to the power source and data logger were run down the bank inside 1.5” PVC pipes in 

order to keep them out of the elements and sensors were deployed in stream inside 4” PVC pipe 

(Figure 3.2). The sensors were calibrated once a year at the manufacturer, and checked 

periodically in nitrate standard solutions if problems were observed with the sensor operation. 

The data was downloaded manually every 1-2 weeks. As a consequence of technical difficulties 

like battery power outage, or the sensor coming out of the water due to low flow conditions there 

were times with gaps in the data. 
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Figure 3.1 Land cover map of Clear Creek. 
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Figure 3.2 Water chemistry probe deployment by IIHR. Probes from left to right are pH, 
conductivity, temperature, and DO (Hydrolab), Nitrate as N (Hach Nitratax), and 
turbidity sensor (DTS-12 Forest Technology Systems). Picture courtesy of Sarani 
Rangarajan. 

3.3 PSFM Field Deployment Methods 

The PSFMs were deployed almost every week (Table 3.1) at both the Coralville and the 

Oxford site. Since 2012 was a drought year a lot of deployments did not lead to measurable 

water flow and solute flux data. The samplers were packed in the laboratory prior to traveling to 

the field site. At the site, the PSFMs were affixed to a t-post, using hose clamps. Two t-posts 

were driven into the creek bed, the first post was used as a debris-block so that large debris such 

as leaves or twigs did not block flow into the PSFM, which was positioned on the second post 
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(Figure 3.3).  The samplers were placed in the stream parallel to the flow direction with the resin 

at the upstream end (Figure 3.4). Samplers were placed at approximately 6/10 of the depth from 

the bottom so that the sampler would be submerged throughout the deployment period. After 

approximately one week of deployment the PSFMs were collected and brought back to the lab 

for analysis. Samplers were kept in a cooler during travel time to minimize volatile losses of the 

alcohol tracers.  

 Table 3.1  Deployment Dates with description of events as well as Nitratax flow averaged 
concentrations for the Oxford and Coralville sites. Events with no data are due to no 
data from the Nitratax due to low flow events or power outages. 1 Drought conditions 
caused flow averaged concentrations to decrease between deployments. 

Deployment Date Retrieval Date 
Nitratax Cf 
Oxford 

Nitratax Cf 
Coralville Conditions 

6/8/2012 6/15/2012 34.10 N/A Small Event 

6/20/2012 6/27/2012 28.18 19.22 No Event 

6/27/2012 7/5/2012 20.45 12.32 No Event 

7/25/2012 8/1/2012 3.26 2.66 No Event1 

8/1/2012 8/8/2012 N/A 3.86 No Event 

8/14/2012 8/22/2012 4.58 3.16 No Event 

8/22/2012 8/28/2012 4.77 2.34 No Event 

8/28/2012 9/5/2012 5.73 2.83 Small Event 

9/5/2012 9/12/2012 6.68 3.99 Small Event 

9/12/2012 9/19/2012 7.99 3.50 Medium Event 

9/19/2012 9/26/2012 10.75 2.05 Large Event at Oxford 

9/26/2012 10/3/2012 6.19 3.52 Small Event 

10/3/2012 10/10/2012 1.45 2.29 No Event 

10/10/2012 10/17/2012 4.35 3.56 No Event 

10/17/2012 10/24/2012 3.22 N/A Small Event 

10/24/2012 10/31/2012 4.29 4.25 No Event 

10/31/2012 11/7/2012 4.97 6.97 Small Event 

 

 



41 
 

 

 

Figure 3.3  Deployment of PSFM at the Oxford site. The sampler is placed on the downstream 
post with the upstream post acting as a debris shield. Picture courtesy of Sarani 
Rangarajan. 

 

Figure 3.4  PSFM deployed about 4 inches blow the water surface. Picture courtesy of Sarani 
Rangarajan.  
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Once samplers had been brought back to the lab the resin and activated carbon were 

removed from the samplers for their separate extraction methods following the methods in sub-

section 2.4.3 and data was analyzed using the methods from Section 2.5. 

3.4 Results  

3.4.1 Flow-averaged Concentration 

The PSFM measures a flow-weighted concentration averaged over the duration of the 

deployment, Cf, according to methods stated in Chapter 2. The Cf was compared with the 

instantaneous concentrations measured by the Nitratax sensors for the Oxford site in Figure 3.5 

and the Coralville site in Figure 3.6. In the mean, the PSFM results underestimated the 

instantaneous concentrations. 

The flow-averaged concentrations from PSFM were also compared with flow-averaged 

concentrations estimated using the Nitratax sensor.  Nitrate concentrations measured by the 

sensor were multiplied with the USGS estimated discharge to estimate nitrate loads on a 15-

minute timescale. The load was integrated over the duration of the event, and divided by the total 

discharge during the event to estimate the flow-averaged Cf. Similar to the observation from 

Figures 3.7 and 3.8, the PSFM resulted in a lower Cf than those estimated from the Nitratax 

sensor (Table 3.2 and 3.3). It can be seen that at the higher flow events the PSFM is 

overestimating the Nitratax Cf while at the lower flow events it is underestimating. 
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Figure 3.6 Instantaneous nitrate data, measured by Nitratax, compared with flux-averaged 
concentration estimated by the PSFM for the Coralville site. 
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Table 3.3 Flow-averaged concentrations of nitrate from PSFM and Nitratax for Coralville site. 

Deployment Time Collection Time 
PSFM Mean 
Cf 

PSFM Standard 
Deviation Nitratax Cf 

6/20/2012 6/27/2012 28.20 5.10 19.22 

6/27/2012 7/5/2012 20.90 3.76 12.32 

7/25/2012 8/1/2012 3.99 0.04 2.66 

8/1/2012 8/8/2012 3.38 0.49 3.86 

8/14/2012 8/22/2012 2.12 0.14 3.16 

8/22/2012 8/28/2012     2.34 

8/28/2012 9/5/2012 2.01 2.01 2.83 

9/5/2012 9/12/2012 4.83 4.17 3.99 

9/12/2012 9/19/2012 0.93 0.93 3.50 

9/19/2012 9/26/2012     2.05 

9/26/2012 10/3/2012     3.52 

10/3/2012 10/10/2012 11.40 6.57 2.29 

10/10/2012 10/17/2012 2.07 2.07 3.56 

10/17/2012 10/24/2012     10.43 

10/24/2012 10/31/2012 2.79 1.72 4.25 

10/31/2012 11/7/2012     6.97 
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Figure 3.8  PSFM flow averaged concentration plotted versus Nitratax and USGS discharge flow 
averaged concentration at Coralville site. 

3.4.2 Solute (Nitrate) Fluxes 

Nitrate fluxes (kg/event) estimated by the PSFM (see Section 2.5.2 for methods) were 

compared with the fluxes measured by the Nitratax sensor. Results comparing the PSFM load 

with the Hach Nitratax load at the Oxford site can be seen in Figure 3.9. It can be seen that there 

is a strong linear regression with R2 of 0.98, though the PSFM is under estimating at this site by 

27%. The results from the Coralville site, seen in Figure 3.10, are that the PSFM is under 

estimating by 34% but again there is a strong linear regression with R2 of 0.98. Combining all 

data points within Clear Creek, seen in Figure 3.11, the relationship between the PSFM and the 

Nitratax is that the PSFM is under estimating by 29% with a linear regression R2 of 0.98.  
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Figure 3.9  Nitrate load estimated by PSFM compared with nitrate load estimated from the 
Nitratax sensor data and discharge data from the Oxford site. 

  

Figure 3.10 Nitrate load estimated by PSFM compared with estimated nitrate load from Nitratax 
and discharge data from the Coralville site. 
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Figure 3.11 Nitrate load estimated by PSFM compared with estimated nitrate load from Nitratax 
and discharge data for both sites combined.  

3.5 Discussion 

There was a consistent linear relationship (correlation coefficients equal to 0.98) between 

the load estimated by the PSFM and that estimated by the Nitratax sensor over multiple storms 

within the 2012 season. The storm sizes per deployment varied over an order of magnitude from 

0.17 to 9.58 mm at the Coralville site and 0.053 to 1.19 mm at the Oxford site, and the nutrient 

loads per deployment varied over two orders of magnitude between 115 to 10980 kg at the 

Coralville site and 21 to 10400 kg at the Oxford site. The consistency of the linear relationship 

between PSFM and Nitratax loads over such a range of storm sizes lends credence to the ability 

of the PSFM to estimate true loads under field scenarios. 

The underestimation seen from the in-situ deployments was likely caused by the fact that 

the flow through the sampler is driven by a velocity gradient between the inlet and outlet that led 

to a pressure drop that varied non-linearly with the outside velocity, thus leading to a non-linear 

relationship between the inside and outside velocities, as discussed in equation 2.18. Such a non-

linear relationship leads to a disproportionate weighting of the Cf estimate, and a corresponding 
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underestimate. Another possibility of the underestimation is microbial activity causing 

denitrificiation within the sampler over the deployment period. The ion exchange resin was not 

coated with any anti-microbial material therefore it is possible that the underestimation may be 

due to losses from denitrification. In order to eliminate this problem  

3.6 Conclusion 

Using the PSFM design by Boland (2011) a series of deployments within Clear Creek 

watershed were conducted. Results from the in-situ deployment were used to determine the 

relationship between PSFM load estimates and load estimates from a Nitratax probe and USGS 

discharge data. A consistent linear relationship was observed between PSFM and Nitratax loads 

over a range of storm sizes lends credence to the ability of the PSFM to estimate true loads under 

field scenarios. However, calibration would be required since the PSFM underestimated the true 

loads estimated by Nitratax by ~29%. This underestimation is most likely due to the non-linear 

relationship between stream velocity and velocity through the sampler. Another factor that could 

have contributed to error was a non-variable data set. Most data points taken over the summer 

were taken during very low flow events due to drought conditions. Therefore, a good estimate of 

the true relationship would require more data collected over a wider variety of deployment flow 

conditions. But using the data collected over the summer of 2012 there was an underestimation. 

In order to overcome the underestimation of the PSFM in which flow through the sampler 

is dictated by the stream velocity, an alternate design was proposed in which the pressure 

difference driving the flow through the sampler is linearly proportional to the transient head 

above the sampler inlet. This design was created and tested in flume experiments of which the 

results can be seen in the following chapter. 
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CHAPTER 4: ALTERNATE DESIGN OF PASSIVE SURFACE FLUX METER 

4.1 Introduction 

The field tests described in Chapter 3 indicated a linear relationship between estimated 

nutrient fluxes using the PSFM and the Nitratax sensor; however the PSFM underestimated the 

field fluxes. As described in previous chapters, this is attributed to the non-linear relationship 

between the velocity through the PSFM, and the velocity through the channel cross-section. To 

overcome this constraint, an alternate design of the sampler was conceptualized using pressure 

head to dictate flow through the sampler. Our objectives in this chapter are to: 1) describe design 

principles; 2) conduct flume experiments to test the design, and 3) develop field deployment 

parameters (sampler characteristics, duration of deployment, etc.) based on results from flume 

tests. 

4.2 Device Theory and Construction 

4.2.1 Device Theory 

The primary feature of the new design is that the flowrate through the PSFM varies 

linearly with the static head above the depth of deployment. The linear relationship between the 

flowrate through the PSFM and the pressure head at the deployment depth was achieved by 

connecting the outlet of the PSFM to a reservoir that is maintained at atmospheric pressure 

(Figure 4.1).  
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Figure 4.1  Experimental set up for flume experiments using the Reservoir PSFM. The reservoir 
is attached to a post to keep it from floating. The sampler was held at a constant depth 
using a clamp and ring stand. 

Following Bernoulli’s law, the headloss through the sampler is equal to the difference 

between the pressure head and velocity heads at the inlet and outlet, respectively. 

 ∆𝐻 = 1
𝜌𝑔

(𝑝1 − 𝑝2) − 1
2𝑔

(𝑣22 − 𝑣12) (4.1) 

During flume experiments the flume velocity was held constant at 0.4 m/s (v1) and with 

the reservoir configuration the outlet velocity can be assumed to be zero. Using equation 4.1 the 

difference between the velocity heads was determined to be 0.008 m. The pressure head dictated 

by the head of water above the inlet of the sampler was varied from 0.06 to 0.175 m and since 
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the outlet was maintained at atmospheric pressure these depth can be considered the pressure 

head. The difference in the pressure head is at least an order of magnitude higher than velocity 

head difference, and thus it can be assumed that the pressure head is dictating the flow through 

the device.  In the next section, a series of flume experiments are described to test the linearity of 

the relationship.  

4.2.2 Device Construction 

The required volume of the reservoir was determined to be equal to ~ 2L. The reservoir 

was constructed by cutting a 12” section from a 4” PVC pipe. Holes for the inlet and outlet were 

drilled and taped ~3” apart then 3/8” thread/barb fittings were glued in the taps. Caps were then 

glued to each end of the PVC pipe being careful so no leaks were created. Two hose clamps were 

affixed to the body of the reservoir in order to secure it to a post below water. Hose clamps were 

used to secure 3/8” tubing to each port, one was connected to the outlet of the sampler the other 

was allowed to be open to the atmosphere. The reservoir was affixed to a post just downstream 

of the samplers (Figure 4.1).  

4.3 Laboratory Tests to Evaluate Reservoir PSFM Design  

4.3.1 Design of Flume Experiments 

A re-circulating flume driven by a 7.5 horsepower Hupp Electric Motors pump controlled 

by a Magnetek GPD 505 variable frequency drive (VFD) was used. The flume has a test section 

that is 9.12 m long, with a total length including head and tail tanks of 11.42 m. The width of the 

flume is 0.61 m and the standard flow depth is 0.3 m. The VFD was set at a frequency 55 Hz for 

all runs and the depth was held constant at 0.36 m. The water in the flume was dosed with KNO3 

and allowed to mix for 24 hours before starting the experiments to ensure that the aqueous NO3
- 

is evenly distributed within the flume. The concentration of nitrate in the flume was measured 

before and after each deployment and varied between 7.82 and 11.5 mg/L as NO3
-. 

 



55 
 

 

 The objective of the flume tests was to evaluate whether the flow through the sampler 

was related linearly to the static pressure head above the deployment depth. To achieve this, five 

different deployment depths were selected 6.7, 8, 11, 13.5, and 17.5 cm. Three or more samples 

were tested in the flume at each depth for statistical assurance. The only exception was where 

only one sampler was placed at 0.06 m and two samplers at 0.067 m. A total of 19 samples were 

tested over 10 different runs. During each run two samplers were simultaneously placed in the 

flume. Samplers were placed 10 feet apart from each other so that the flow field at the inlet of 

each sampler was uniform while minimizing turbulence from the upstream sampler and 

reservoir. Deployment times in the flume were approximately one day, and the velocity in the 

flume was held constant at 0.4 m/s. The parameters for each test can be seen in Table 4.1. 
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Table 4.1 Summary of Flume Experiment Parameters 

Head (m) Velocity (m/s) 

Overall Height 
of water 
column 

Duration of 
Deployment 
(days) 

0.06 0.4 0.36 1 

0.067 0.4 0.36 1 

0.067 0.4 0.36 1 

0.08 0.4 0.36 1 

0.08 0.4 0.36 1 

0.08 0.4 0.36 1 

0.08 0.4 0.36 0.99 

0.11 0.4 0.36 1 

0.11 0.4 0.36 1 

0.11 0.4 0.36 1 

0.11 0.4 0.36 1 

0.11 0.4 0.36 1 

0.135 0.4 0.36 1 

0.135 0.4 0.36 1 

0.135 0.4 0.36 1 

0.135 0.4 0.36 1.01 

0.175 0.4 0.36 0.9 

0.175 0.4 0.36 0.9 

0.175 0.4 0.36 1 

4.3.2 Sorbent Extraction and Analysis 

 Flowrate, Qd, through the sampler was calculated using two different estimates. The first 

estimate was from the volume of water collected in the reservoir after a deployment that was 

divided by the deployment time to determine Qd. The second estimate to determine Qd, was by 

the use the alcohol tracers as defined by the methods in Chapter 2, in which the alcohols were 

extracted from ~1.5 g of GAC using 35 ml of Isobutyl alcohol. Because the deployments in the 

flume were only for ~1 day, only methanol and ethanol depletion were averaged to estimate Qd 

through the device.  
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The mass flux of nitrate through the sampler was estimated based on the total mass of 

nitrate collected on the resin during the deployment period, and analyzed using the methods 

described in Chapter 2. The flux-averaged concentration of nitrate was estimated by dividing the 

mass flux Md by the two estimates for water flux, Qd. 

4.4 Results and Discussion 

4.4.1 Flow Velocity through the Reservoir PSFM 

The Qd through the device was determined using two different estimates as described in 

the previous section. The resulting Qd for the estimates were plotted against the static pressure 

head at the sampler inlet in Figure 4.2 and Figure 4.3. A linear relationship was observed 

between the pressure head at the inlet, and the flow rate through the sampler, indicating that the 

design goal of linearity was achieved. Greater variability was observed for the alcohol tracer 

estimate , due to the inherent errors that can occur because of  tracer volatilization and other 

losses during analysis. However, both methods yielded very similar slopes lending credence to 

the robustness of the design. The slope was used to estimate the effective hydraulic conductivity 

(K) of the sampler following Darcy’s Law. The estimated  K  using methods 1 and 2 were equal 

to 0.090 and 0.084 m/d, respectively. Due to inconsistency in packing outliers were tested using 

the statistical Q-test and those experiments that proved to be outliers were removed with 95% 

confidence. 
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Figure 4.2  Average flowrate through the sampler plotted against the head driving the flow. 
Flowrate was calculated by the volume of water collected in the reservoir following 
each experiment. 

 

Figure 4.3  Average flowrate through the sampler plotted against the head driving the flow. 
Flowrate was estimated using the alcohol tracers. 
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4.4.2 Nitrate Load and Flux-averaged Concentration Estimated by 

Reservoir PSFM 

The flux-averaged concentrations of nitrate, Cf, estimated using the two Qd values 

obtained in the previous section, were compared with the ambient concentration of nitrate in the 

flume. A one-to-one relationship should be seen as shown by the 45 degree line in Figure 4.4 and 

Figure 4.5. It can be seen that the Reservoir PSFM does a decent job of estimating the flux-

averaged concentration of nitrate using both methods. There is some variability in the data but 

this could be caused by many sources of error in the experimental methods. Alcohols could be 

lost due to excessive exposure to air. The amount of initial interference on the resin could differ 

from sample to sample. Also high amounts of variability in the nitrate mass flux could also cause 

errors.  

 

Figure 4.4  Flow-averaged concentration of nitrate estimated by alcohol tracers versus ambient 
concentration of nitrate in flume. 
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Figure 4.5  Flow-averaged concentration of nitrate estimated by volume collected versus ambient 
concentration of nitrate in flume. 

4.5 Design of Field Experiment 

In order to estimate how the HD-PSFM would be deployed in the field, available data 

was used to create a framework for deployment techniques. First, two years of gage height data 

from the Oxford site was plotted in order to see variability in head over a deployment period 

(Figure 4.6).  22 storm events were isolated over the two year dataset (Table 4.2). Using the 

effective conductivity from the flume experiments the total flow through the Reservoir PSFM 

over the duration of these 22 storms were calculated. This was then plotted as a function of the 

size of the storms in Figure 4.7. 
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Figure 4.6 Hydrograph of USGS Oxford site. 

 

Figure 4.7  Distribution of 22 events during 2011 with a deployment depth of 2.5 ft from the 
streambed. 
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Table 4.2   Series of 22 events at the Oxford site using parameters from laboratory experiments 
to calculate total volume collected over the deployment time. 

Event Size (mm) Volume Collected (ml) 
Event Time 
(Days) 

0.52 654 7.00 

1.35 1320 6.74 

0.49 628 6.92 

0.64 801 7.00 

0.38 479 7.00 

0.39 482 7.00 

0.37 459 7.00 

0.35 428 3.00 

0.49 604 4.00 

0.76 837 8.00 

0.60 626 8.00 

0.99 892 6.68 

1.59 1325 3.92 

1.87 1485 4.88 

0.88 896 6.00 

2.10 1655 5.08 

1.15 1074 5.00 

1.31 1339 10.00 

0.75 693 10.00 

0.60 488 10.00 

0.40 334 6.00 

0.45 381 7.00 

 

Using Table 4.2 and Figure 4.7, the maximum volume of the reservoir required over the 

range of the storm events in 2011-2013 was 2 liters. Thus, the reservoir used in the current 

design is adequate.  
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Table 4.3 Omega values for alcohol after deployment. 

Volume 
Collected (ml) 

Event Time 
(Days) ω Methanol ω Ethanol ω IPA ω TBA 

654 7.00 0 0 0.510 0.783 

1320 6.74 0 0 0 0.544 

628 6.92 0 0 0.524 0.789 

801 7.00 0 0 0.400 0.734 

479 7.00 0 0 0.641 0.841 

482 7.00 0 0 0.639 0.840 

459 7.00 0 0 0.656 0.847 

428 3.00 0 0 0.250 0.668 

604 4.00 0 0 0.207 0.649 

837 8.00 0 0 0.451 0.757 

626 8.00 0 0 0.589 0.818 

892 6.68 0 0 0.298 0.689 

1325 3.92 0 0 0 0.213 

1485 4.88 0 0 0 0.291 

896 6.00 0 0 0.216 0.652 

1655 5.08 0 0 0 0.243 

1074 5.00 0 0 0 0.500 

1339 10.00 0 0 0.297 0.688 

693 10.00 0 0 0.636 0.839 

488 10.00 0 0 0.744 0.887 

334 6.00 0 0 0.707 0.870 

381 7.00 0 0 0.714 0.873 

 

With this amount of flow going through the sampler the amount of alcohol remaining 

after deployment may be lower than the recommended C/Co range of 0.200-0.850 as seen in 

Table 4.3. It can be seen that the short chain alcohols (Methanol, Ethanol) are completely 

depleted over the events, while the long chain alcohols (IPA, TBA) still remain for most small 

and medium size events. Ideally more than one alcohol should be used to estimate the flow 
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through the device. Thus modifications to the sampler would need to be made in order to 

determine an accurate flow average concentration in the field from the alcohol tracers.  

Possible modifications that could be made to the sampler are to decrease the hydraulic 

conductivity by either increasing the length of sand layer or changing the sand particle size. 

Another media other than sand could also be used to decrease the hydraulic conductivity through 

the device as well. An alternative option would be to dose the GAC with alcohols having higher 

retardation coefficients thus allowing for longer deployments in the field. Also modifications to 

the way the sampler is deployed could be made. The sampler could be placed higher within the 

water column so that the static pressure head would not be as great during the full duration of a 

deployment but would only increase when a storm event takes place.  

As stated previously ideally a researcher would be monitoring the flow through the 

device using a programed code which embodied the conductivity of the sampler, deployment 

depth, and gage height to determine when the sampler should be replaced so that accurate 

measurement of flow can be made and the alcohols will not be completely depleted from the 

GAC. 

4.6 Conclusion 

Using the alternative static head driven PSFM design a linear relationship between flow 

through the device, Qd, and the static head above the inlet should be observed. By connecting the 

outlet of the sampler to a reservoir held at atmospheric pressure and using Bernoulli’s equation 

this design was mathematically conceptualized and a prototype was built. The prototype was 

then tested in a series of laboratory flume experiments at differing deployment depths to test the 

aforementioned theory.  

Flow through the device was determined using two methods first the volume of water 

collected in the reservoir after deployment and second by using alcohol tracers. Both estimates 

provided similar results showing that Qd is linearly proportional to the static pressure head above 

the sampler inlet. Using the plots from method 1 and 2, the effective hydraulic conductivity of 
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the alternative design was determined to be to 0.090 and 0.084 m/d, respectively. The effective 

hydraulic conductivity was then used in order to assess Qd for field experiments, which was done 

for 22 events over a 2 year period at the Oxford site in Clear Creek. Results showed that a 2 liter 

reservoir would be adequate. Although these results also indicated that some changes would have 

to be made to the packing or deployment techniques so that the water flux could be estimated 

properly. Three alternatives were suggested including increasing of the hydraulic conductivity, 

the used of longer chain alcohols, and deployments at higher depths within the stream. 
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CHAPTER 5: CONCLUSION 

5.1 Motivation and Objectives 

In order to keep our waterways fishable, swimmable, and drinkable in accordance with 

the CWA, assessment of TMDLs for impaired waterways must be made. TMDL’s are assessed 

through the collection of data within the watershed. Data is often collected using either grab 

sampling or through the use of autosamplers or sondes. Using these techniques there are 

limitations including 1) the labor to collect samplers 2) only at a few points within the watershed 

can be monitored do to cost or time constraints and 3) data points must be linearly interpolated to 

integrate load in order to determine the TMDL for a given contaminant. Thus passive samplers 

have become a more relevant source for data collection, due to its ability to collect continuous 

time-averaged or flow-averaged nitrate loads within a watershed. Passive samplers are also a 

more cost effective way to characterize the spatial distribution of solute watersheds. Therefore, 

the development of a Passive Surface Water Flux Meter (PSFM) for spatially deployment in a 

watershed was investigated in this study. The objectives of the study were first to evaluate the 

ability of the PSFM developed by Boland (2011) to measure nitrate fluxes under transient flow 

conditions in a natural stream channel and second, to develop an alternate PSFM design based on 

lessons learned from the field study and test a prototype under laboratory conditions. 

5.2 Results of In-situ Field Deployments 

The PSFM design made by Boland (2011) was tested under transient flow in a stream 

channel at two locations within the Clear Creek Watershed. The PSFM estimated flow-averaged 

concentrations were compared with estimated based on USGS stream gage data for flow, and 

Nitratax data for concentration. A consistent linear relationship was apparent between the PSFM 

estimate and the Nitratax-USGS estimate. The consistency of the relationship over a range of 

flow events lends credence to the robustness of the device. While the relationship between the 

two estimates was linear, the PSFM consistently underestimated the Nitratax estimates by 36%. 

The underestimation implies that the PSFM needs to be calibrated against other methods of 
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measurement for the data to be reproducible. The underestimation is most likely due to the non-

linear relationship between stream velocity and velocity through the sampler. This motivated me 

to think about an alternate design with linear relationship between the transient stream depth 

above the sampler and the flowrate through the sampler. 

5.3 Results of Reservoir PSFM 

Using the Reservoir PSFM a linear relationship between flow through the device, Qd, and 

the static head above the inlet was observed. The prototype was tested in a series of laboratory 

flume experiments at differing deployment depths to test that flow through the sampler was 

linearly related to the static head above the inlet.  

Flow through the device was determined using two methods 1) the volume of water 

collected in the reservoir after deployment and 2) alcohol tracers. Both estimates provided 

similar results showing that Qd is linearly proportional to the static pressure head above the 

sampler inlet as theorized. The effective hydraulic conductivity of the alternative design was 

determined to be to 0.090 and 0.084 m/d, respectively using both methods. The effective 

hydraulic conductivity was then used to assess Qd for field experiments. Results showed that a 2 

liter reservoir would be adequate. Although these results also indicated that some changes would 

have to be made for proper assessment in the field. Three alternatives were suggested including 

increasing of the hydraulic conductivity, the used of longer chain alcohols, and deployments at 

higher depths within the stream. 

5.4 Implications and Future Work 

The PSFM is an inexpensive and versatile way to estimate total load within a stream. 

Because of its simple, inexpensive design the PSFM can be used for spatial characterization of 

contaminants within a watershed. As opposed to other sampling techniques, it can be placed at 

many different locations within a watershed for a fraction of the cost. Relationships between land 

cover and farming practice within the stream could then be assessed as well as testing to see if 

nutrient reduction techniques are working as theorized. Either the single chamber PSFM or the 
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Reservoir PSFM could be used for nutrient load assessments depending on the specification of 

the stream. The versatility of the design and packing of the sampler allow for applicability across 

a wide range of watershed and stream sizes. 

In order to validate the Reservoir PSFM design field experiments would need to be 

conducted to show that the linear relationship seen in the flume experiments also applies to 

deployment in the field. Because only IPA and TBA would be remaining after a deployment of 

the Reservoir PSFM investigations into changing the packing of the sampler to decrease flow 

would also need to be investigated. Once these issues have been addressed the Reservoir PSFM 

could be spatially deployed within a watershed to better understand the correlation between land 

cover and nutrient loading. The initial field design could also be used knowing that a correction 

factor would have to be applied to the results in order to determine the correct nutrient load. 
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