
 
Abstract 

 
PRITZL, MARK ROBERT.  The Performance and Application of Drum-Type Seepage 

Meters And a Simple Experiment to Determine if Denitrification is Occurring in Stream 

Bottom Sediments within the North Carolina Coastal Plain.  (Under the direction of  Dr. 

Neal E. Blair and Dr. John Parsons.) 

 

This research examined the performance of drum-type seepage meters in a stream 

environment and groundwater nitrate concentration discharging into that same stream.  A 

significant forested riparian buffer bordered the stream on one side, and agricultural fields 

buffered the other side.  The design of the drum-type seepage meters was based on 

experience gained from other researchers, and the performance of the meters was predicted 

from an equation developed for this research.  The observed nitrate concentration data 

collected from the seepage meters closely resembled the nitrate concentration predicted 

from the developed equation.  A simple experiment was also conducted to determine if 

evidence exists that denitrification is occurring in these same stream bottom sediments.  

The experimental results suggest that the stream bottom sediments of Pete Mitchell Canal 

act as a nitrate sink, with denitrification as the possible process for producing this sink.   
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1. Introduction 

Studies of riparian buffers have consistently yielded information indicating that 

they are an effective means of reducing nitrogen, usually nitrate, moving from agricultural 

fields to streams.  Riparian buffers have also been recommended as a method to reduce 

the movement of nitrogen from agricultural lands to receiving waters (Gilliam et al., 

1997).  Spruill (2000) concluded that riparian buffers were effective in reducing 

groundwater nitrate concentrations and were the result of reducing conditions combined 

with the presence of dissolved organic carbon (DOC) in Coastal Plain groundwater.  

When denitrifying bacteria are present in an aquifer, they use DOC as an energy source 

and, under anaerobic conditions, nitrate as an electron acceptor, creating nitrogen gas as a 

product of denitrification (Korom, 1992).  Reducing conditions occur in the hyporheic 

zone of many North Carolina Coastal Plain streams (Spruill 2000). 

Although geochemically reducing conditions have been shown to exist in riparian 

and hyporheic stream environments, few studies have incorporated controlled in situ 

experiments to explicitly demonstrate the role of carbon in denitrification.  To test the 

hypothesis that DOC is required for the natural process of denitrification in groundwater 

discharging to streams, the present research monitored nitrate concentrations from local 

shallow groundwater (surficial aquifer) that is recharged under agricultural lands, then 

discharges through the hyporheic zone into a stream of the North Carolina Coastal Plain.  

Nitrate monitoring of this stream and of seepage meters placed in the stream was 

performed from May 2002 to October 2002.  During the monitoring, an experiment was 
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conducted to determine whether denitrification takes place in the hyporheic zone of this 

stream, which is formally named Pete Mitchell Canal. 

  

2. Objectives 

As part of a research project on riparian buffer effectiveness in the North Carolina 

Coastal Plain, Spruill (2000) gathered data to test the hypothesis that aquifers with 

reducing conditions and DOC in agricultural areas remove nitrates by denitrification.  

Bohlke and Denver (1995) had previously studied an aquifer with the same reducing 

conditions at a site in Maryland, where nitrate-rich shallow groundwater moves through 

shallow calcareous glauconitic marine sediments.  They reported the occurrence of 

denitrification in groundwater as it moved through these sediments before discharging 

into the local stream.   

The first objective of this study was to document the use of drum-type seepage 

meters in a stream system, and to interpret and understand the nitrate concentration data 

that they produce in a typical stream environment of the North Carolina Coastal Plain.  To 

this end, seepage meter nitrate concentration data was compared with modeled results that 

reproduced the change in concentration with time as the original trapped canal water was 

flushed by discharging groundwater.  It was both predicted mathematically and directly 

observed that a significant volume of groundwater is needed to flush these drum-type 

seepage meters before they produce reliable and representative nitrate groundwater 

quality data.   
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The second purpose of this study was to determine if the hyporheic zone in the 

Pete Mitchell Canal is a sink for nitrates, with denitrification as the potential removal 

process.  It was hypothesized that removal of the denitrifying bacteria that reside in the 

sediments would inhibit the process of denitrification.  After removal and replacement of 

canal bottom sediment with sterile sands, it was predicted that the nitrate concentration 

would increase, indicating that a local nitrate sink had been removed or significantly 

affected.   

   
3.0 Site Selection and Description 

Pete Mitchell Basin is a 17 square-mile basin that drains into the Tar River Basin 

and is located in the North Carolina Inner Coastal Plain (Williams, 1998).  It contains an 

inactive USGS gauging station on a local bridge 150 feet downstream from the placement 

of all seepage meter data collection sites.  The surrounding lands are used for agriculture, 

and one side of the canal has a riparian buffer ( > 600 foot forested), while the other side 

has cultivated crops, corn and soybeans within 100 feet of the canal.  The canal is roughly 

20-25 feet in width, and in the area of this study, water depth varies during minimal flow 

periods from a couple of inches to just under a foot, which is typical during the summer 

months.  The canal water is clear, but appears turbid during high flow events, due to the 

temporary suspension of solids.  The USGS ( Spruill 2002) has collected data that suggest 

that the hyporheic zone in this canal is a nitrate sink and that the primary mechanism for 

the removal of nitrate is denitrification. 
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3.1 Site Hydrogeology  

The research site lies in the North Carolina Coastal Plain physiographic province 

and more specifically in the Northern Inner Coastal Plain.  The hydrogeological 

framework of the research site was investigated and developed on the regional scale by 

Winner & Coble (1996), while Williams (1998, Figure 1) investigated more specifically 

the surficial aquifer of Pete Mitchell basin and the influence agriculture had on the 

shallow groundwater quality of this basin.  An older study of the geologic and 

groundwater resources of Pitt County was developed by Sumsion (1970). 

 

Figure 1:  Hydrogeological cross section of Pete Mitchell 
Canal approximately 2.5 kilometers upstream from seepage 
meter placement (Williams, 1998). 

 

Lithologically, the surficial aquifer in The Coastal Plain consists predominately of 

Pleistocene silt to sand terrace deposits with Pliocene or Yorktown Formation clays as the 
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base.  The physical orientation and thickness of the sediments of the surficial aquifer and 

the depth to the base of the surficial aquifer in the Pete Mitchell basin were described by 

Williams (1998; Figure 1).  Both dip to the south and east, with the surficial aquifer 

sediments thickness ranging from 10’ to 50’ and thinning to the south.  The clays of the 

Yorktown Confining Unit range in thickness from 30’ to 55’.  The physical setting 

between the surficial aquifer and the Yorktown confining clays at Pete Mitchell Canal 2.5 

kilometers north of the current research site were also described by Williams. (1998; 

Figure 1).  

   
3.2 Site Geochemistry 

The USGS has monitored water quality from both groundwater and surface water 

at Pete Mitchell Canal for decades.  These parameters became more intensely studied 

during the late 1990s in association with riparian buffer effectiveness research.  In 1998, 

nitrate concentration was measured from groundwater collected under Pete Mitchell 

Canal using a drive-point piezometer at various distances and depths across the canal (see 

Figure 2 ) as part of a riparian buffer effectiveness study (Spruill, 2002).  This study also 

collected dissolved organic carbon (DOC), dissolved oxygen (DO), pH and other 

parameters that indicated that shallow groundwater discharging to Pete Mitchell Canal is 

at reducing conditions (USGS website).  This data also showed that shallow groundwater 

discharging into Pete Mitchell Canal is low in DO.  However, the surface water in this 

canal has historically contained significantly higher levels of DO than the shallow 

groundwater discharging to the canal (USGS website).  The existence of surface water 
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saturated with DO can also be inferred through observation of abundant fauna (such as 

active fish) and flora in the canal.   

These data suggest that a transitional environment exists between the reducing 

conditions in the groundwater below the sediment surface and the DO saturation levels in 

the surface water at Pete Mitchell Canal.  When this groundwater moves upwards during 

base flow, it moves from a reducing environment (with DOC and low DO) into an 

oxidizing environment (with higher DO) that exists at the sediment surface interface.  

Evidence that denitrification is occurring in the stream bottom of Pete Mitchell Canal was 

also reported from the study by Spruill (2002), in which he noted that nitrate 

concentration in three seepage meters was less than that in the groundwater beneath these 

meters.  Therefore, if denitrification takes place within shallow sediments under Pete 

Mitchell Canal, there must also exist a sequential oxidation of organic carbon with 

increasing depth in these sediments.  This is so because the oxidation of organic carbon 

by denitrifiers is contained within the larger process of the sequential oxidation of organic 

carbon with depth.   

The microbial oxidation of organic carbon with depth in saturated sediments, or 

the sequence with sediment depth of electron acceptors utilized by microbes in nutrient-

rich systems is well documented (Stumm and Morgan, 1996, Korom, 1992).  As depth 

increases, the oxidation of organic carbon occurs in the order predicted by 

thermodynamics, which is as follows: 1) oxidation of DOC by reduction of O2,  2) 

reduction of NO3
- and NO2

- , 3) reduction of MnO2,  4) reduction of FeOOH or Fe(OH)3 to 

Fe2+, and finally with completely anaerobic conditions, 5) the reduction of SO4
2- and CO2.     
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Figure 2.  From: Spruill, 2002, Nitrate concentration of groundwater during 
base flow conditions and nitrate concentration from three seepage meters 
placed in the canal. 
 

As described above, once oxygen has been significantly depleted by bacteria, 

these same bacteria will then begin to use nitrate for respiration.  These bacteria that 

preferentially use oxygen and adaptively use nitrates for respiration are known as 

facultative anaerobes.  However, in the sediments of the subject canal, bacteria may be 

forced into an anaerobic environment from the vertical movement of groundwater during 

base flow.  In this case, denitrification would likely occur closer to the surface sediment 

interface than if these facultative anaerobes had the opportunity to use oxygen for 

respiration.  
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Under increasing anaerobic conditions, nitrate is the thermodynamically favored 

electron receptor in the respirative energy production of many facultative anaerobic 

bacteria (Chapelle, 1993).  More specifically, denitrification is the microbiological 

process by which nitrate is reduced to N2O or N2.  The full process of bacterial nitrate 

reduction occurs in a sequence of steps:  NO3 → NO2 → NO → N2O → N2 (Chapelle, 

1993).  Although denitrifying bacteria are of many different genera and of many different 

morphologies (coccus, bacillius, spirillium and vibio), the majority of them are 

heterotrophic (use organic carbon as an electron donor) facultative anaerobes.  So, in 

addition to the presence of denitrifying facultative anaerobes, restricted O2 availability, 

the presence of DOC as an electron donor, and the presence of nitrate or nitrite are all 

required conditions for the process of denitrification. 

The design of the denitrification experiment in this thesis was predicated on the 

prior knowledge that 1)  all of the geochemical parameters exist at the study site for 

denitrification to occur  2)  denitrifiers tend to be particulate bound rather than free-

swimming bacteria.  (Payne, 1981; Smith and Duff, 1988; Korom, 1992). 
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4.0 Methods 
 
4.1 Seepage Meter Design 

These meters were designed and constructed to enable short and long-term 

monitoring during several months on this stream bottom.  The external groundwater 

collection system was an important consideration for the design and performance of these 

seepage meters, since this part of the seepage meter was exposed to stream flow currents.  

An external bag design was developed that would facilitate the collection of seepage 

meter samples without compromising these samples or introducing foreign material when 

collecting samples.  This external collection system was also designed so as not to restrict 

groundwater flow, or base flow, to these meters.   

Drum-type seepage meter design was based on the design of Lee (1977).  

Modifications of the design included the use of 5 gallon capacity steel buckets instead of 

the original 55 gallon drum.  These buckets had a diameter of 27.31 centimeters (cm) and 

were cut on the side 10-12 cm up from the bottom.  The edge was cut so as to retain the 

physical integrity of the bucket, and was left sharp to aid in the placement of these drum-

type meters on sandy stream bottoms.  A hole was drilled on the side near the base of the 

bucket for bolting and sealing on a brass barb external extension for the connection of an 

external hose (See Figure 3).  The intake hose was connected over the brass barb 

extension with a reusable nylon ratchet-type clamp, which was placed around the hose 

and brass barb to ensure a close-fitting seal.  The diameters of the brass barb and external    
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Figure 3.  Drum part of seepage meter with brass barb extending from the 
side. The brass barb was sealed in the drilled hole by rubber gaskets. 
 
 

hose were 0.6 cm and 0.8 cm, respectively.  This diameter would not restrict base flow at 

the anticipated seepage rate of 500mL/hour (Fellows and Brezonik, 1980).   

The external groundwater collection system consisted of a 2-liter low profile 

urinary drainage bag that was connected to the intake hose assembly.  This style of bag 

was used to avoid short-term anomalous influx of water into the seepage meters, as can 

occur with low-density polyethylene plastic bags, or “alligator baggies” (Shaw and 

Prepas, 1989). The anomalous flow influx results when the bag expands after being 

connected to the drum part of the seepage meter, and is due to the fact that these rigid 
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alligator bags are unnaturally crimped, or creased, when attached to a hose by a rubber 

band in their empty state.  The anomalous flow influx was avoided in the present study by 

using uncrimped low profile urinary drainage bags.  These bags maintained their original 

manufactured configurations during the connection process.  

 

4.2 Seepage Meter Use 

Prior to meter placement, physical inspection at the specific stream bottom 

placement site was performed to check for any obstacles.  This ensured that no debris 

would block the drum emplacement or interfere with flow into the meter collection bag. 

The actual placement of each meter drum on the stream bottom was done with care to 

prevent blowout or reverse flow back into the stream bottom (Lee, 1977).  This entailed a 

slow process of administering light pressure to the drum surface of the meter over a 

period of time.  This process allowed trapped stream water under the drum to exit slowly 

out of the hole on the side of the drum.  It was also important to ensure that the top of the 

drum did not come into contact with the stream bottom sediments during placement, since 

this would also restrict flow to the meter collection bag (Lee, 1977).  The side of the drum 

where the brass barb was located was left slightly elevated to allow gas to escape to 

prevent gas entrapment.  During the placement of each seepage meter, approximately one 

centimeter was left between the top of the drum and the stream bottom.  After the meter 

had been placed completely in the stream bottom, an iron stake was used to poke into the 

brass barb extension on the side of the drum to remove any obstructions that may have 

developed during the drum emplacement process.   
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Before connecting to the drum, the external bag collection system was prepared  

by first submerging it into a bucket of distilled water to remove all air.  The intake hose 

flow clamp was then shut with a small amount, < 100 mL, of distilled water trapped in the 

collection bag system, and the entire collection system was removed from the distilled 

water into the stream.  Next, the intake hose was slipped over the brass barb extension and 

the ratchet clamp was tightened around both.  Finally, the intake hose flow clamp was 

opened and two 16-inch long iron stakes were placed to hold the bag assembly securely at 

the stream bottom (See Figure 4).  These iron stakes were slid into the openings at each  

Figure 4.  Picture taken on 8/11/2002, showing SM-6 and the two 
iron stakes that hold the sample bag in place on the canal bottom.  
The sample bag is full and ready for collection.  The Playtex glove 
was used to cover the intake tube to prevent its exposure to UV 
sun radiation.    
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end of the plastic frame that supported the top part of bladder bag, and each iron stake 

was shaped with a small hook at the end to prevent the bag from sliding off the stakes.  

During sample collection, the intake hose and bag assembly were completely 

removed from the drum part of the meter.  A flow clamp was used on the intake hose to 

seal the hose and bag assembly from the external environment during sample collection. 

Shutting the flow clamp on the intake hose played an important role in keeping the 

collection bag system closed and uninfluenced by the external environment (see Figure 5).  

With the flow clamp shut on the intake hose, the sample was collected through the valve 

on the urinary bag itself, allowing drainage from the bag without the introduction of air 

into the intake hose or urinary bag collection system.  The first 250 ml of collected water 

was purged into a Pyrex measuring cup.  Then, a glass sampling jar meeting EPA 

specifications for water sample collection was filled with approximately 200 ml of 

collected water and capped shut.  Then, approximately 40-50 ml of collected  
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Figure 5.  Collection bag system of seepage meters. 
 

water was poured into a 50-ml beaker that contained the pH probe.  The rest of the sample 

was measured by pouring it into the 250-ml Pyrex measuring cup until approximately all 

of the collected water was drained.   After all but the residual sample water in the bag had 

been drained, the drainage valve was shut, the hose was reconnected to the meter, and the 

flow clamp was opened to begin collection of the next sample.  Then, the sample jar lid 

was tightened, and the Pyrex measuring cup was inspected to ensure that it was empty.  

Both the pH probe and the 50-ml Pyrex beaker holding the probe were then rinsed out 

with a spray bottle of distilled water.  Finally, the total volume of collected water that had 

been removed from the collection bag was recorded.  
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4.2.1  Seepage Meter Equation 

The equation: 

 Cout = Cin + Ke(-q/V)t         (3) 

was used to determine how much flow volume must be flushed from the meter before the 

water sample represents ground water.  (See Appendix I for a full derivation of this 

equation.)  Cout represents nitrate concentration leaving the meter, and at time equals zero, 

it represents stream water nitrate concentration trapped under the drum part of the seepage 

meter.  Cin represents nitrate concentration entering the meter from groundwater 

discharge.  K = a constant with mg/L or concentration, e = exponential function, q = the 

average flow rate for seepage meter, V = volume in meter’s drum, and t = time.  An 

average flow rate of 100 mL/hour was used for our seepage meter example.  All seepage 

meters in this study had roughly 0.5 liters of trapped stream water under the drum part of 

the meter immediately after they were  placed on the stream bottom.  The first calculation 

solves for K by letting t = 0, and for the following illustrative example, it was chosen that 

groundwater discharge has a concentration of 10.0 mg/L of nitrate as N.  It has been 

determined that the nitrate concentration of the stream was 3.0 mg/L of nitrate as N when 

the theoretical seepage meter was placed on the stream bottom.  Now, solving the 

equation for K;   

3.0 mg/L = 10.0 mg/L + K,     (4)  

so K = -7.0 mg/L 

therefore K = Cout(stream) – Cin(groundwater) 
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This gives the equation;    

Cout = (10.0 mg/L) + (-7.0 mg/L)(e((-0.1L/hr)/0.5L)t)  (5) 

This data is shown as a plot of the nitrate concentration vs. time, and total flow, for a 

given average flow rate.  (See Figure 6).  From Figure 6, given a volume of 0.5 liters 

under the seepage meter drum, the nitrate concentration from the meter does not represent 

the groundwater nitrate concentration of 10.0 mg/L until a minimum of 4 liters of 

groundwater has been flushed from this seepage meter.  This flush volume is 8 times the 

volume of water under the drum part of the meter, which shows that flush volume is a 

very important factor to consider when using drum-type seepage meters. 

Based on actual USGS hydrogeological data at this site, it was numerically 

determined from Equation 5 that the proposed drum-type seepage meters will need to 

flush out at least roughly four liters of water, depending on the concentration gradient of 

the desired constituent nitrate.  This equation is a mass conservative equation in that the 

nitrate mass entering the seepage meter does not decrease or increase in concentration due 

to biological or geochemical reactions.  It should also be understood that some knowledge 

of groundwater and surface water nitrate quality is necessary in order to use the presented 

seepage meter equation for the prediction of observed data.  The purpose of Equation 3 in 

this study was to verify that the observed nitrate data from these seepage meters 

represented a typical chemical mixing problem, i.e., that early flow nitrate samples from 

these seepage meters represented a transient state before achieving a relatively steady 

state condition representing nitrate concentration of groundwater discharge.   
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Figure 6.  Illustrative example of groundwater base flow at 
100mL/hour into seepage meter.  (A) Predicted nitrate concentration 
from Equation 5, with total flow volume from continuous flow into 
seepage meter.  (B) Predicted nitrate concentration from Equation 5, 
with time from continuous flow into seepage meter. 
 

 
  

 

 

time in hours total flow in mL Nitrate as N in mg/L
0.25 25 3.34
0.5 50 3.67
1 100 4.27
2 200 5.31
3 300 6.16
5 500 7.42
7 700 8.27
9 900 8.84
11 1100 9.22
13 1300 9.48
15 1500 9.65
17 1700 9.77
19 1900 9.84
21 2100 9.90
23 2300 9.93
25 2500 9.95
27 2700 9.97
29 2900 9.98
30 3000 9.98
31 3100 9.99
32 3200 9.99
33 3300 9.99
34 3400 9.99
35 3500 9.99
36 3600 9.99
37 3700 10.00
38 3800 10.00
39 3900 10.00
40 4000 10.00
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4.3 Mini-Piezometer Design and Use 

A small stream type mini-piezometer was designed with the same specifications as 

those presented in Wanty and Winter (2000).  The cylinder of this device utilized a 

commercial ROSS brand root feeder that was made from 16-gauge steel.  This steel 

cylinder is one centimeter in diameter and roughly 28 inches long, with an aluminum 

pointed tip at the bottom end.  Several small holes (3mm) were drilled into the steel 

cylinder from the bottom inch of the cylinder, to act as a screen for the stream type mini-

piezometer. (See Figure 7).  A lab-performance MasterFlex  tubing was coated with 

silicon sealant and inserted inside the steel cylinder to one inch above the drilled holes.  

Extra silicon sealant was then placed around the top opening end of the steel cylinder to 

ensure a complete seal.  A support tubing and a flexible iron stake were used on the 

outside of the Masterflex tubing to protect this inner tubing from manipulation and to 

stiffen the loop, respectively.  The support tubing began at the end of the steel cylinder 

and continued to form half of the loop.  The Masterflex tubing then continued without 

the support tubing or stake to form the upper or ascending portion of the loop.  Two 

stainless steel hose clamps were used to clamp the steel stake to the outside of the top end 
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Figure 7.  Stream-type mini-piezometer and 60mL catheter 
syringe used in research. 

 

of the steel cylinder.  The flexible steel stake ran parallel with the support tubing, and was 

attached to the outside of the support tubing by tape.  A self-fusing silicon repair tape was 

used to seal both tubing and the support stake at the end of the steel cylinder to ensure a 

seal and to provide the added effect of a hand grip.  This design is a modified version of 

that discussed by Wanty and Warner (2000).  The important requirement in replicating 

this design is to make sure that the Masterflex tubing is continuously sealed from the 

design screen to the top of the end of the loop.   

The operation of the mini-piezometer was easily done by first driving the 

aluminum tip into the canal sediments and then pushing the device to the predetermined 
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marked depth of 1.5 feet for this study.  Subsurface water was then withdrawn into the 

mini-piezometer by attaching a 60cm3 syringe into the open end of Masterflex tubing.  

When replicating this step, it is important to have the bottom half of the loop on the mini-

piezometer below the surface water level and below the hydraulic head, so that the 

subsurface water will not siphon back down through the loop (See Figure 8).  Prior to 

hydraulic head measurement from this stream type mini-piezometer, it was necessary to 

develop the mini-piezometer, as described in Wanty and Warner (2000), by alternately 

withdrawing and then pumping back groundwater into the mini-piezometer.  After 

developing the mini-piezometer and removing the syringe to enable measurement, 

measurements were then made to determine hydraulic head of the subsurface relative to 

the canal surface water level. 

During this study, all hydraulic head measurements were done with low surface 

flow in the canal, so subsurface potentiometric data at 1.5 feet in depth was always greater 

than the canal service water, which meant that groundwater was always recharging the 

canal during low surface flow events.  A Fisher Scientific 150mm ruler was used to 

determine the exact measurement of hydraulic head (See Figure 8).  If a subsurface 

groundwater sample was to be obtained, then 120cm3 of water was first siphoned to purge 

the mini-piezometer before a groundwater sample was taken.  This volume is four times 

the volume that this stream type mini-piezometer can hold. 
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Figure 8. Illustration of the determination of hydraulic 
gradient using stream-type mini-piezometer. 

  
 

4.4 Field Methods 

Vertical hydraulic conductivity of the canal bottom sediments was determined 

using Darcy’s Law; 

KV = -Q/(A••••dh/dl).      (6) 

Where the gradient measurement data (dh/dl) was collected from the stream type mini-

piezometer (see Figure 8.), flow data (Q) was measured from seepage meters, and area 
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(A) was calculated from the diameter of the seepage meter drum.  Vertical ground water 

seepage velocity, Vz, was also calculated from each seepage meter using; 

Vz = Q/(ne••••A)      (7) 

Where flow data (Q) was measured from each seepage meter, area (A) was calculated 

from the diameter of the seepage meter drum and ne was effective porosity.  Effective 

porosity was estimated to be 30% for this fine to medium sand, and is in the range of 

“well-sorted sand or gravel 20-50%” from Fetter (1995).  

In solving and plotting the developed seepage meter equation (3), the average 

nitrate concentration used for this equation was the average nitrate concentration after 4 

liters of total volume had flowed from that meter.  Typically, seepage meter nitrate 

samples were taken after several liters had been allowed to flow from these meters.  All 

flow volumes from each meter were recorded, and all seepage meter samples were 

analyzed for pH and temperature. 

A total of four mini-piezometer ground water quality samples were taken at focal 

points at all seepage meters used in this study. (See Figure 18.)  The mini-piezometer 

samples were taken in pairs on July 21, 2003 and July 28, 2002.  These ground water 

samples were taken to determine nitrate concentrations 1.5 feet into the canal sediments 

directly under all seepage meter placement sites.  This nitrate data was used to compare 

with that collected in 1998-1999 by Spruill in Pete Mitchell’s canal (Figure 2).  As 

indicated in Figure 18, the mini-piezometer collection points and seepage meter 

placement sites were laterally closer to the non-riparian side, and the mini-piezometer 
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nitrate data collected agreed with the drive-point mini-piezometer data collected 

previously (Spruill, 2002).  

Each sample collected was immediately chilled by storing it in an ice-filled cooler 

after collection.  The collected samples were then put into a refrigerator until sample 

analysis took place.  All samples were analyzed within 48 hours after sample collection 

without the use of a preservative, as required by this method.  To periodically verify the 

accuracy of colorimeter nitrate data, six duplicate water samples were collected and 

simultaneously analyzed by the colorimeter and a North Carolina Professional Certified 

Laboratory (Tritest, Incorporated of Raleigh, NC).   The colorimeter sample data set and 

professional lab duplicate sample data set were compared using a SAS univariate 

statistical analysis.  This analysis showed that there was no significant difference between 

the two data sets.  (See Appendix IV.)  

 

4.5 Analytical Methods 

A HACH DR/850 Colorimeter was utilized for nitrate analysis of all groundwater 

and surface water samples for this study.  The HACH DR/850 Colorimeter measures the 

transmittance and absorbance of the prepared solution with a monochromatic light of 

410nm wavelength.  Light of this wavelength, with radiant power Po, strikes a sample of 

length b and the emerging beam from the other side of the sample is P (Harris, 1991).  

This means that some light will be absorbed by the sample and therefore, P ≤ Po.  The 

definition of transmittance, T, is simply the fraction of the original wavelength that passes 

through the sample:  
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T = P/Po 

T has a range of zero to one, and if transmittance is represented by percent (%), then % 

transmittance is simply 100·T.  Absorbance, A, is related to transmittance by the 

following definition, 

A = Log10(Po/P) = -Log10(T). 

The HACH DR/850 will display nitrate concentration, transmittance and absorbance from 

each sample analyzed by this colorimeter.  Concentration is given in mg/L, transmittance 

as a percent and absorbance from the equation below: 

A = 2-Log10(T%). 

The DR/850 displays a nitrate concentration from a corresponding absorbance with the 

410nm wavelength.  This wavelength is used after the water sample is treated with the 

cadmium reduction method for nitrate concentration determination.  The associated 

equations of the colorimeter programs used to calculate nitrate concentration from a 

measured absorbance are given in Appendix II.     

A schematic of the chemical reaction sequence used in the cadmium reduction 

method is illustrated below with figures modified from HACH’s Water Analysis 

Handbook (HACH Co., 2002).  First, cadmium is used to reduce nitrates to nitrites, 

NO3
- + Cd + 2H+                NO2 - + Cd+2 + H2O. 

Second, nitrite ions react in an acidic medium with sulfanilic acid to form an intermediate 

diazonium salt, 

                                                                                                               + 
NO2

- + H2N               SO3H + 2H+            HO3S                N ≡ N + 2H2O. 
 
                 Sufanilic Acid                                              Diazonium Salt 
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Finally, the diazonium salt when coupled with gentisic acid, forms an amber colored 
 
                                               OH                                                              OH 
                                    + 
HO3S                N≡N +            COOH         HO3S                N=N               COOH + H+ 

                                                                                             
                               OH                                                             OH 
         Diazonium Salt           Gentisic Acid                             Amber Colored species 
 
diazo-compound.  The intensity of the color is directly proportional to the original nitrate 

concentration (Hach, 1997).   

All samples for analysis were removed from refrigeration for the particular time 

period specified and allowed to reach room temperature.  Each sample was poured in 

succession into a 50 milliliter (ml) Pyrex beaker.  No samples were filtered, but when 

samples contained noticeable suspended particles, these samples were allowed to stand 

before pouring into the beaker and were sampled last for that time period.  This allowed 

careful pouring into the beaker to prevent the suspended particles on the bottom of the 

sample jar from entering the 50 ml beaker.  Then a Hach Nitra Ver 5 Nitrate AccuVac® 

Ampul was placed upside down into the Pyrex beaker that contained roughly 40 mL of 

sample.  Making sure the ampul tip was well below the sample surface, pressure was 

applied to the ampul tip against the bottom of the beaker wall to break the ampul tip and 

allow sample water to be drawn into the ampul.  The ampul tip was always kept far 

enough below the sample water surface to prevent air from being drawn in as the sample 

water surface lowered with the ampul tip breaking process.  After this process, a rubber 

top was placed over the broken ampul tip and the ampul was shaken 48-52 times during 

one minute to dissolve the reagent.  Then, a five-minute reaction time was allowed for the 

reagent to fully react with the water sample.  After the five-minute waiting period, a 
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sample cell was filled with at least 10 mL of sample water and was used to zero the 

colorimeter before sample analysis.  Zeroing the colorimeter was done before each nitrate 

analysis to establish a zero reference for that measurement (HACH Co., 1997).  After 

zeroing the colorimeter, the prepared sample was analyzed and the concentration was 

recorded.   

Before all sample analysis was conducted, several standards were run through the 

colorimeter to determine accuracy and to adjust the mixing procedure to obtain the correct 

concentration of the standard solution.  This was an important step for the integrity of 

each sample analysis.  It was found during this study that inverting the AccuVac® ampul 

48-52 times in one minute during the mixing process produced the most accurate 

determination of the standard solution concentration.  It was discovered that shaking the 

sample too vigorously caused the absorbance of the standard solution to be higher than 

acceptable, given Hach’s internal calibration of the spectrophotometer.  HACH’s 

technical personnel explained that an inappropriately aggressive mixing procedure will 

cause the suspended particles to stay in solution longer.  A longer duration of solution 

state in turn causes interference with the transmittance, or absorbance, which produces a 

higher nitrate concentration than is actually in solution.  A deposit of particulate matter is 

considered normal after the mixing and reaction process is conducted. (HACH, 1997).  A 

10 mg/L standard solution was used for the calibration method and was obtained through 

HACH.  Typically, the standard solution was left at 10 mg/L for the calibration process, 

but on several occasions a 50% dilution of this 10 mg/L standard solution was used when 

analyzing water samples that were known to be less than 10 mg/L.   
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pH and temperature were taken for all seepage meter, surface water and mini-

piezometer samples for the months of August, September and October 2002.  An Orion 

pH meter, Model 290A, was used to conduct the pH and temperature measurements of 

water samples for the above months.  A two-point manual calibration of the pH meter was 

done on a weekly basis, and this procedure used the 4.01 and 7.00 buffer solutions.  A 

calibration field check was conducted with every sampling event. 

 

4.6 Experimental Methods 
 

An experiment was designed to test the hypothesis that denitrification is occurring 

in the sediments of Pete Mitchell canal.  To test this hypothesis, sediments were removed 

at specific points where seepage meters had previously collected nitrate data.  Since 

sediment removal was expected to remove the predominantly particle-bound nitrate-

reducing bacteria, this action was expected to prevent or severely limit the occurrence of 

denitrification in the sterile replacement sediments.  These sediments consisted of  #4 

driller’s sand with a diameter range of 2.0 - 4.75 millimeters.  It was also known that the 

intrinsic permeability would increase, since the driller’s coarse sand was well-sorted and 

the sand grains had a larger diameter than the natural sediments.  A new aluminum 

trashcan was used to remove the naturally occurring canal sediments, and the procedural 

details of sediment removal are summarized below. 

The bottom of a new aluminum trashcan was cut off with a hacksaw, and 

measurements were labeled from the bottom of the cut edge to 20 inches up, using a black 

waterproof marker.  The trashcan diameter measured 18 inches at the bottom and slowly 
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increased towards the top of the trashcan.  At the SM-5 and SM-6 sites, the two respective 

meters were removed, and the canal bottom natural sediments were immediately replaced 

with sterile driller’s sand (See Figure 9).  The open-bottom trashcan was driven into the 

sandy stream bottom until a measured depth of 1.5 feet was recorded, using the previously 

mentioned markers.  Then, all natural sand and organic material to a depth of 1.5 feet was 

removed using a large hand scooper.  Five 50-lb. bags of No. 4 driller’s sand were then 

poured into the trash can.  After pouring driller’s sand into the trashcan, the trashcan was 

removed, and the new canal bottom sediments were delineated with two steel stacks.  In 

the final phase of this experiment, seepage meters were placed where the natural 

sediments had been replaced with sterile sand. 

Figure 9.  Bottomless aluminum trashcan driven 1.5 feet into fine sandy 
canal bottom sediments with most of the sediments inside the trashcan 
removed.  
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The removal of the natural sediments that contain fine sands and the replacement 

of these sediments with a more permeable coarse sand will affect the local groundwater 

hydraulics immediately surrounding and in these new sediments.  A predicted local effect 

was that groundwater discharge flow should increase, resulting in the production of lower 

potentiometric values for the equipotential lines in the new sediments (See Figure 10).  

This prediction was derived from the assumption that intrinsic permeability would 

increase due to the larger pore diameter of these new sediments, which would decrease 

the resistance to groundwater flow.  This relationship can be seen with the following 

equation: 

Ki = C••••d2                                                              (6) 
 

Where (Ki) is intrinsic permeability, (C) is the shape factor and (d) is the pore opening 

diameter (Fetter, 1995).  Since intrinsic permeability has a direct relationship with flow 

(Q) and hydraulic conductivity (K), both flow and hydraulic conductivity should also 

increase with the replacement of this coarse sand in the canal sediments.  This direct 

relationship can be seen with the following equations (Fetter, 1995): 

K = Ki ••••((ρρρρ••••g)/µµµµ)                                                       (7) 

Q = -K••••(dh/dl)••••A                                                       (8) 

where (µ) is the dynamic viscosity of the fluid and (ρ•g) is equal to specific weight of the 

fluid, (density•gravity).  

 

 

 



 
 

30 

Figure 10.  (Not to scale and schematic.)  Change in ground water hydraulics after 
the removal of natural fine sands and replacement with very coarse sand.  

 
 
4.6.1 Statistical Methods For Analysis Of Experimental Data 

If the experimental hypothesis that natural sediment nitrate concentration (X) 

natural sediments

replaced sediments
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sample values are significantly smaller than those of sterile replaced sand (Y) is true, then 

Mean(X) – Mean(Y) will be negative (< 0) or ∆ < 0.  However, this hypothesis must be 

tested against the null hypothesis (Ho) that there is no significant difference in nitrate 

concentration between the Mean(X) and Mean(Y) sample groups.  If Ho is true, then 

Mean(X) – Mean (Y) = 0, ∆ = 0 and we can not reject the null hypothesis in favor of the 

experimental hypothesis. 

Using the distribution-free test outlined by Hollander and Wolfe (1999), the 

Wilcoxon two-sample rank sum statistic W was computed.  This was done by combining 

the natural sediment nitrate concentration sample (X) values with the sterile replaced sand 

nitrate concentration sample (Y) values.  The combined (X and Y) sample, for SM-5E and 

SM-5 respectively, consisted of 9 X-values (m = 9) and 8 Y-values (n = 8), giving a 

combined sample size of 17 (N = 17).  The 17 combined nitrate concentration (X and Y) 

sample values were then ordered from the least to the greatest nitrate concentration 

values.  Ordered ranks were then assigned to these combined nitrate concentration (X and 

Y) values, with a rank of ‘1’ assigned to the lowest value and a rank of ‘17’ assigned to 

the highest nitrate concentration value.   

The sum of the ordered ranks assigned to the Y-values, which was 

1+2+3+4+5+6+7+8=36 produced the W statistic.  This W of 36 was then compared to the 

distribution of W that would have been obtained (Wo) if the null hypothesis (Ho) were 

true, i.e., if there was no difference between the mean of the X-values and that of the Y-

values.  Wo was then computed as n(m + n + 1), which is 8(9 + 8 + 1), which equals 

8(18), to give Wo = 144. 
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To test the null hypothesis of no difference in X and Y nitrate concentration 

against the alternative hypothesis (Ha) that natural sediment (X) nitrate concentrations are 

smaller than sterile sediment (Y) nitrate concentrations, a one-sided test was used.  (Two-

sided tests are only appropriate when the alternative hypothesis predicts a difference of 

unspecified direction between two sample groups.)  The lower-tailed side of the Wo 

distribution was used instead of the upper-tailed side, since Ha postulates a negative 

difference between the X and Y means.  

This one-sided, lower-tailed test specified rejection of Ho if W is < or = Wo - wa, 

or 144- wa, where wa is a tabled constant chosen to keep the type I error probability equal 

to .05.  Consultation of the appropriate table (Hollander and Wolfe, 1999) for sample 

sizes m = 9 and n = 8 showed that the computed W of 36 was < 144 - wa for all tabled 

values of wa up to 108.  The p-value corresponding to wa = 108 is .000, meaning that there 

is a probability of < .001 that a nitrate concentration difference as large as that obtained 

between the X and Y-values could have been obtained by chance. 

 

5.0 Results 

5.1 Seepage Meter Results 

Seepage meters 4, 5, 6, 7, 8 and 9 are presented with first a table and then a figure 

showing nitrate concentration plotted against total flow.  On top of each table, the date the 

seepage meter was placed at the canal bottom is in parentheses.  With each nitrate 

concentration plot is a predicted dashed line plot that was produced using Equation (3) 

from Section 4.2.1.  It is important to understand that Equation (3) data were calculated 
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and plotted only after nitrate concentration data from each respective seepage meter were 

consistent with consecutive samples collected, and that nitrate concentration data were 

used only after 4 liters had flushed from that meter (with the exception of seepage meter 

4, as described in Section 4.2.1.).  Equation (3) was used as a tool to show that observed 

nitrate concentration data from each seepage meter followed the concentration curve 

predicted by Equation (3).  This predicted curve was based on a simple mixing problem 

involving two water qualities mixed with different nitrate concentrations.  

When the observed nitrate concentration data was plotted for all seepage meters, 

the plotted line followed the modeled expectations (see Section 4.2.1) closely except for 

the very first data point.  This could be due to the introduction of distilled water during 

the initial connection of the collection bag to the drum part of the meter.   

Figure 11. SM-4 observed nitrate concentration vs. total flow. 
 

On June 9 of 2002, seepage meter 4 (SM-4) was emplaced on the canal bottom 

sediments, and was the longest placed seepage meter of this study.  Early nitrate 
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concentrations fluctuated during the period of one-week sampling intervals, and therefore 

did not provide consecutive nitrate concentrations for early flow out of this meter.  When 

this meter was emplaced, the region was experiencing a severe drought, with 

exceptionally low canal flow and large algae growth covering everything from the 

sediments to the stream fauna.  Green algae started to grow inside the attaching hose to 

the SM-4 collection bag, and on June 23, 2002, this part of the meter was replaced with a 

retrofitted new collection bag and hose that did not allow sunlight into the collection 

system.  This retrofitted design was applied to all future seepage meters placed on this 

canal bottom and algae were not observed in any other seepage meter after this new 

design was employed.  The retrofitting event occurred just after the second nitrate sample 

was taken, when 735 mL of total flow had been recorded.  Observed nitrate concentration 

was plotted with total flow from this meter, and is shown in Figure 11.  Because distilled 

water was used for the retrofitting event, the next or third nitrate sample taken at 1190 mL 

was diluted, and this was reflected in a decreased nitrate concentration relative to that 

from the previous nitrate sampling event.  The 4th and 5th nitrate sampling events also 

showed a trend towards decreasing nitrate concentration, which correlated with two high 

flow events that took place just before and during these two sampling events.  These two 

high flow events may have caused the canal water to recharge locally into groundwater 

near this seepage meter, introducing canal water into the seepage meter.  After 4 liters of 

flow from this seepage meter, the two previously noted dilution effects were reversed.  A 

spike in nitrate concentration was observed after the dilution events, and may represent 

sample analysis error.  Consecutive nitrate concentration samples did not converge 
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asymptotically until after 7 liters of flow had occurred through this meter.  Its average 

nitrate concentration was determined to be 12.2 mg/L, using the last five samples.   

If consecutive sampling intervals with the associated greater flow volume are 

required before convergence can be observed, it could explain why this meter did not 

produce consecutive nitrate concentration convergence at earlier sampling events.  This 

observation suggests that long term monitoring utilizing weekly sampling, with the 

associated lower flow volumes, from this meter was not reliable in determining nitrate 

concentration from discharging groundwater under this meter. 

Flow rates of 170 and 200 mL/hour were recorded from this meter.  Using the 

hydraulic gradient of 0.05, the respective vertical hydraulic conductivities calculated 

using the two measured flow rates were 3.3 and 3.8 feet/day.  Vertical seepage velocities 

were calculated to be 0.77 and 0.90 feet/day.  SM-4 was closer to the canal bank than any 

other meter and had the lowest flow rates observed.   

An average nitrate concentration of 9.6 mg/L was determined for SM-5 using the 

last 7 samples, or after 4 liters had flowed from this meter (See Figure 12).  Flow rates of 

200 and 360 mL/hour were recorded from this meter, and using a hydraulic gradient of 

.05, the respective vertical hydraulic conductivities calculated with the two measured flow 

rates were 5.3 and 9.6 feet/day.  Using the same recorded flow rates, the respective 

vertical seepage velocities were calculated to be 1.62 and 0.90 feet/day. 
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Figure 12. SM-5 observed nitrate concentration vs. total flow plotted 
with the predicted nitrate concentration curve. 
 

 
After 5 liters of flow, the nitrate concentration averaged 12.9 mg/L (See Figure 

13) and a flow rate of 235 mL/hour was recorded from this meter.  Using a hydraulic 

gradient of 0.066, the vertical hydraulic conductivity was calculated to be 4.8 feet/day and 

vertical seepage velocity was calculated to be 1.05 feet/day. 
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Figure 13. SM-6 observed nitrate concentration vs. total flow 
plotted with the predicted nitrate concentration curve. 

 

After 4 liters of flow, the nitrate concentration averaged 11.6 mg/L and a flow rate 

of 435 mL/hour was recorded from this meter (See Figure 14).  Using a hydraulic gradient 

of 0.070, the vertical hydraulic conductivity was calculated to be 8.4 feet/day and vertical 

seepage velocity was calculated to be 1.95 feet/day. 
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Figure 14. SM-7 observed nitrate concentration vs. total flow plotted 
with the predicted nitrate concentration curve. 

 

After 4 liters of flow, SM-8, which had the largest range of flow rates (See 

Appendix III) of all seepage meters in this study, gave an average nitrate concentration of 

11.9 mg/L (See Figure 15).  Maximum flow rate was recorded immediately after this 

meter was placed on the canal bottom sediments, and the minimum flow rate was 

recorded just before this meter was removed due to lack of flow.  This meter was removed 

because of gas build up under the drum part of this seepage meter, which restricted flow 

and made this meter ineffective for further sample collection.  Data collected with this 

seepage meter could not be used to calculate the hydraulic properties of the canal base 

flow, due to interference of gas under this meter.   
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Figure 15. SM-8 observed nitrate concentration vs. total flow 
plotted with the predicted nitrate concentration curve. 

 

SM-9 recorded the highest average nitrate concentration from the undisturbed 

sediments and after 4 liters of flow, nitrate concentration averaged 13.1 mg/L.  This 

seepage meter produced the most consistent flow rate data collected than any other 

seepage meter data.  (See Figure 16.)  Flow rate measurements from SM-9 ranged from 

343 to 560 mL/hour.  Using a hydraulic gradient of 0.044 and this range of measured flow 

rates, vertical hydraulic conductivity and vertical seepage velocity were calculated to 

range from 10.5 to 17.5 feet/day, and from 1.54 to 2.55 feet/day, respectively. 
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Figure 16.  SM-9 observed nitrate concentration vs. total flow plotted with 
the predicted nitrate concentration curve.. 
 

5.2 Mini-Piezometer Hydraulic Data 

Using the stream type mini-piezometer, the potentiometric surface (hydraulic 

head) data was measured twice across the entire submerged part of the canal to survey the 

horizontal hydraulic gradient from one canal bank to the other.  These two surveys 

indicated a slightly asymmetric groundwater discharge under the canal (See Figure 17).  

This asymmetric potentiometric data may indicate higher rates of evapotranspiration 

under the forested riparian buffer.  Canal bank observations during the study provided 

evidence that bank storage was taking place.  The stream-type mini-piezometer was 

designed using the construction material and methods described by Wanty and Winter 

(2000).  Several other potentiometric measurements were also taken during this research 

around placed seepage meters and this data was used to calculate vertical gradients, 

vertical hydraulic conductivity and vertical seepage velocities near the seepage meters. 
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Figure 17.  Looking upstream, head values from the stream-type mini-
piezometer where approximately all seepage meters were placed.  A:  date 
of survey was 8/11/2002.  B:  date of survey was 10/11/2002. 
 

Vertical hydraulic gradient data at seepage meter placement ranged from 0.044 to 0.070 in 

the undisturbed sediments.  These ranges were consistent throughout the study.  The 

estimated vertical hydraulic conductivity ranged from 3.3 to 17.5 feet/day for undisturbed 
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sediments under seepage meter placement.  Vertical seepage velocity calculated from 

bottom sediments under these seepage meters ranged from 0.77 to 2.55 feet/day.  It is 

important to note that both vertical hydraulic conductivity and vertical seepage velocity 

calculated from these meters represent the hydraulic properties of the top 1.5 feet from 

these stream bottom sediments. 

 

5.3 Nitrate Data from Mini-Piezometer, Seepage Meters and Stream 

The stream-type mini-piezometer was used to collect all ground water quality 

samples at a depth of 1.5 feet.  On July 21, 2002, two mini-piezometer nitrate 

groundwater samples were taken; one from between SM-4 & SM-5, and the other 

between SM-4 and the non-riparian bank side.(See Figure18).  The groundwater sample 

from between SM-4 and SM-5 recorded a pH of 5.43 and nitrate concentration of 16.1 

mg/L.  The second ground water sample recorded a pH of 5.2 and a nitrate concentration 

of 16.7 mg/L.    
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Figure 18:  Cross section of Pete Mitchell Canal at seepage meter 
placement looking upstream.  Nitrate concentration from two mini-
piezometer sample points taken on 7/21/2002, stream average nitrate 
concentration and average nitrate concentration from SM-4 & SM-5. 

 

Another two mini-piezometer groundwater samples were taken on July 28, 2002, and 

represent nitrate concentration at a depth of 1.5 feet prior to the emplacement of SM-6 

and SM-7.  The first mini-piezometer sample was taken at the anticipated emplacement 

site for SM-6 and gave a nitrate concentration of 16.1 mg/L, with a pH reading of 5.15.  

The other mini-piezometer sample was taken directly three feet downstream from the 

anticipated emplacement site for SM-6.  This mini-piezometer gave a nitrate 

concentration of 16.9 mg/L with a pH reading of 5.35.  
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Figure 19.  Pete Mitchell Canal at seepage meter placement site, 
looking across the canal with downstream toward the left.  Nitrate 
concentration from three mini-piezometer sample points taken on 
7/21/2002 and 7/28/2002, stream average nitrate concentration and 
average nitrate concentration from SM-5, SM-6, & SM-7.   
 

These groundwater nitrate concentration data collected with all four mini-

piezometer sample points are consistent with the data for this site that were obtained by 

Spruill (2002).  (See Figure 1.)  Both Figures 17 and 18 show that groundwater nitrate 

concentrations 1.5 feet into the canal sediments closer to the agricultural field bank are 

significantly greater than the average nitrate concentrations into the seepage meters that 

are also placed near the same bank .  These groundwater nitrate concentration data 

indicate that groundwater nitrate concentration decreases with vertical flow into this 

canal. 
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Figure 20. Relative seepage meter placement and stream-type mini-
piezometer sampling points. 
 

 
Surface water nitrate concentration was also collected during this Thesis research 

and is plotted in Figure 21.  The highest canal sample concentration of nitrate was 

collected on August 11, 2002, and the lowest sample concentration of nitrate was 

collected on July 28, 2002.  These samples measured at 6.5 mg/L and 3.3 mg/L of nitrate, 

respectively.  During August, September and October, pH and temperature were also 

measured during nitrate sample collection for canal samples and plotted in Figures 22 & 

23.  Canal pH varied within the narrow range of 6.250 to 6.707.  Temperature ranged 
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from 25.50 C to 19.90 C, but there was a large decreasing trend that ended with 

temperatures in the 14 –150 C range for the last collection day in October, 2002. 

Figure 21. Pete Mitchell Canal surface water nitrate data. 
 

Figure 22. Pete Mitchell Canal surface pH data. 
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Figure 23. Pete Mitchell Canal surface temperature data. 
 

5.4 Sediment Removal 

The natural sediments under SM-5 were removed and replaced with sterile 

driller’s sand.  The mini-piezometer was used to determine the potentiometric surface at a 

depth of 1.5 feet in the middle of the new sediments, and a hydraulic head of 0.5 cm was 

recorded.  A new seepage meter, now designated as SM-5E, was emplaced in this new 

sterile sand, and nitrate, pH, and flow data were collected as was previously done with 

SM-5.  SM-5E was emplaced into the sterile sand sediments on September 22, 2002, and 

was removed on October 7, 2002, after 25 liters of ground water had discharged into this 

seepage meter.   

After this replacement of natural fine sands with very coarse sands, the average 

nitrate concentration from SM-5E was 13.4 mg/L, an increase of 40% in nitrate 
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concentration from that of SM-5.  Flow rate was 2700 mL/hour, which is an increase of 

almost ten fold compared to that of SM-5.  With the increase of flow in these new 

sediments came an increase of average velocity to 12.14 feet/day.  Using the hydraulic 

head of 0.5 cm and a hydraulic gradient of 0.011, the average vertical hydraulic 

conductivity calculated in sediments under this meter with the experimental sediments 

was 331 feet/day.  

A nonparametric Wilcoxon two-sample rank sum test (Hollander and Wolfe, 

1999) was performed on nitrate concentration data from SM-5 And SM-5E to test the 

experimental hypothesis that mean nitrate concentrations ([N]) would be higher at SM-

5E, where natural sediments had been replaced with sterile coarse sand, than at SM-5, 

where natural sediments had not yet been disturbed.    

SM-5E data were designated as Y values, and SM-5 data as X values.  Then, a 

one-sided test of the experimental hypothesis that the mean [N] of the X values (4.50) 

minus the mean [N] of the Y values (13.00) would be negative (∆ < 0) was performed.  A 

W statistic was computed by summing the ranks assigned to the Y values in a combined 

sample of X and Y values.  The one-sided test specified rejection of the null hypothesis (∆ 

= 0) if the critical value was higher than the computed W statistic of 36.  The SAS 

NPAR1WAY computer program was used to determine the critical value (the lowest W 

statistic that could be obtained under the null hypothesis), which was 72.  The difference 

between the computed W statistic of 36 and the critical value of 72 yielded an exact p-

value of .0003, which allowed rejection of the null hypothesis with a confidence level of 

virtual certainty (99.99%).  The ability to reject the null hypothesis at such a high 
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confidence level could have been predicted from simple inspection of the rank ordered X 

and Y values.  That is, in the combined sample of ascending [N] values, the first nine 

(smallest) values all come from the X  (SM-5) group, and the last eight (largest) values all 

come from the Y (SM-5E) group.  Thus, there is no overlap between the X and Y 

distributions and no possibility that these distributions could have the same mean, or (∆ = 

0), as would be the case if the null hypothesis were true. 

 

Figure 24. SM-5E observed nitrate concentration vs total flow with the 
predicted nitrate concentration curve. 

 

The natural sediments under SM-6 were also removed and replaced with sterile 

driller’s sand.  The mini-piezometer was used to determine potentiometric surface at a 

depth of 1.5 feet in the middle of the new sediments, and a hydraulic head of 0.5 cm was 

recorded.  A new seepage meter, now designated as SM-6E, was emplaced in this new 

sterile sand, and nitrate, pH, and flow data were collected as was previously done with 

SM-6.  SM-6E was emplaced into the sterile sand sediments on September 22, 2002, and 
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was removed on October 7, 2002, after 24 liters of groundwater had discharged into this 

seepage meter (See Figure 22).  After this removal of natural fine sands with very coarse 

sands, the average nitrate concentration from SM-6E was 13.3 mg/L and this was an 

increase of 3% in nitrate concentration from that of SM-6, which had an average nitrate 

concentration of 12.9 mg/L.  The average flow rate recorded for SM-6E was 2626 

mL/hour, and this is a flow rate increase of almost ten fold from that of SM-6, which had 

a flow rate of 235 mL/hour.  This increase in flow rate was as dramatic as and comparable 

to the increase of flow rate seen with SM-5 and SM-5E.  With the increase of flow in 

these new sediments came an increase of velocity, and average velocity was calculated to 

be 11.78 feet/day.  Using the hydraulic head of 0.5 cm and a hydraulic gradient of 0.011, 

the average vertical hydraulic conductivity calculated in sediments under this meter was 

323 feet/day.   

Figure 25. SM-6E observed nitrate concentration vs. total flow with the 
predicted nitrate concentration curve. 
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SM-6E data were designated as Y values, and SM-6 data as X values.  Then, a 

one-sided test of the experimental hypothesis that the mean (6.00) of the X [N] values 

minus the mean (8.33) of the Y [N] values (∆< 0) was performed.  A W statistic was 

computed by summing the ranks assigned to the Y values in a combined sample of X and 

Y values.  The one-sided test specified rejection of the null hypothesis (∆ = 0) if the 

critical value was higher than the W statistic of 30.  The SAS NPAR1WAY computer 

program was used to determine the critical value, which was 37.5.  The difference 

between the W statistic of 30 and the critical value of 37.5 yielded an exact p-value of 

0.1836, which did not allow rejection of the null hypothesis at the 0.05 confidence level.  

So, although [N] values did increase as expected after the natural sediment surrounding 

SM-6 was replaced with sterile sand, this increase was not statistically significant at the 

.05 level.  

 

6.0 Discussion 

The design of any groundwater collection system utilizing these drum type 

seepage meters must allow unrestricted flow, because restricted flow would result in an 

incorrect measurement of seepage flux to these meters.  The design of the collection bag 

system utilized the low profile of the bladder bag itself by paralleling this low profile to 

stream direction flow when submerged in the stream.  In turn, this low profile to surface 

flow direction allowed hydrodynamic flow around the bag itself, causing the bag to 

behave like a wing.  It must be emphasized that the bladder bags that were utilized as an 

external collection system for these seepage meters did not have to be prefabricated, 
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unlike bags from previous studies that were not intended for the collection of water, such 

as condoms, sandwich bags, etc.  There is no doubt that the bladder bag advantage of 

functional integrity contributed to the ability of the present collection system to permit 

unrestricted flow since the bags were initially designed for the hydraulic collection of 

water samples.   

Unfortunately, during the design of these seepage meters, potential gas collection 

effects that might occur during their use were underestimated.  SM-4, SM-7 and SM-8 

were discontinued due to gas build up under the drum part of these seepage meters that 

effectively restricted flow to the external collection bag system.  If these drum type 

seepage meters are to be utilized for future use on stream bottom sediments, an exhaust 

system will need to be retrofitted to allow gas to escape from the their drum portion. 

When sampling intervals were more frequent, producing more flow with time, 

consecutive nitrate concentrations converged, but when sampling intervals were long, 

producing less flow with time, nitrate concentration data did not converge.  Convergence 

failure at large sampling time intervals was notably evident with SM-4, for which sample 

intervals were weekly.  In addition to failing to converge, the nitrate concentration data 

from SM-4 failed to follow the predicted curve from Equation (3).  This data indicates 

that if large sampling intervals are desired, then during a given sampling event, multiple 

samples will need to be taken, producing more flow with a given sampling event, as if one 

was re-calibrating, or restarting Equation (3) from the time of original meter placement 

for each weekly sampling event. 
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Temporal change of nitrate concentration may also have played a role in 

producing the observed failure of seepage meter nitrate concentration data to converge 

with flow over relatively long sampling intervals.  Temporal change must be considered, 

but this researcher believes that the analytical method used to determine nitrate 

concentration from water samples might not have been accurate enough to measure any 

temporal change in concentration of less than 1.48 mg/L.  This opinion is based on the 

statistical calculations of the nitrate concentration difference scores.  As shown in 

Appendix IV, these scores were produced by subtracting colorimeter nitrate concentration 

values from the corresponding lab nitration concentration values for simultaneously taken 

water samples.  Statistical analysis of these difference scores produced a standard 

deviation of 1.48 mg/L.  This means that any actual temporal change of nitrate 

concentration of less than 1.48 mg/L would have been indistinguishable from 

measurement error.         

After the removal of the natural fine sands and their replacement with very coarse 

sands during the present experiment, an increased flow with a lowering in potentiometric 

surface as predicted in Figure 10 did occur.  It was interesting to note that this increase in 

flow was ten-fold compared to the decrease in the local hydraulic gradient around the new 

sediments.  Such a differential effect implies that hydraulically, intrinsic permeability is 

physically more influential than hydraulic gradient with base flow in stream sediments. 

It was observed that the 16-inch iron stakes used to secure the seepage meter bags 

onto the stream bottom were shiny when pulled from the stream bottom sediments, where 

they had been for several days.  A notable exception to this observation occurred on the 
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upper part of the stakes that had been exposed to the stream, which were rusted or 

oxidized instead of shiny.  In general, when these iron stakes were kept out of the stream 

for extended periods of time, red-brown rust would appear on their surface, indicating that 

a form of ferric (Fe+3) iron had coated them.  However, when these same stakes were 

pushed into the stream bottom sediments for an extended period of time and then 

removed, they were shiny.  This change from stakes with rusted surfaces to ones with  

reflective surfaces indicates that reduction of the ferric form of iron on their surfaces into 

the ferrous (Fe+2) form of iron had occurred.  However, this reduction of the surfaces of 

the iron stakes did not occur precisely at the sediment-surface water interface.  Instead, it 

was observed roughly one to two inches below the sediment-surface water interface.  This 

is physical evidence that the shallow subsurface gradually becomes low in dissolved 

oxygen with reducing conditions, unlike the stream, which has sufficient dissolved 

oxygen concentrations for the oxidation, or rust, of iron.  This observation is also 

consistent with the observation presented in Section 3.2, which is that as groundwater 

moves upwards during base flow, it moves from a reducing environment (with DOC and 

low DO) into an oxidizing environment (with higher DO) that exists at the sediment-

surface interface.  

Further field observations that occurred during this course of this research 

included small columns of gas bubbles spontaneously emanating from the stream bottom, 

as well as larger gas bubbles that rose from the stream bottom when buried organic matter 

was displaced by the researcher’s footsteps.  In the latter case, the odor of rotten eggs was 

also detectable.  In addition, on one or two occasions during sample collection from the 
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seepage meters, the researcher smelt the odor of rotten eggs from gas collected in the 

sample bag.  The smell of rotten eggs is associated with H2S gas formed from the 

reduction of sulfates.  The reduction of sulfates in turn, is further evidence that the 

microbial oxidation of organic carbon with depth in saturated sediments occurs at this 

site, as described in Section 3.2.   

The preliminary evidence presented shows that nitrate concentration is lower in 

the seepage meters than in the shallow groundwater of Pete Mitchell Canal, and that the 

shallow groundwater is in reducing conditions but transitionally moves to oxidizing 

conditions when it enters the stream.  The observed geochemical data from both the iron 

stakes and gas bubbles suggest that the sequential reduction of organic carbon with depth 

is occurring.  Sulfate reduction, which is known to be from microbial activity, is part of 

the sequence with sediment depth of electron acceptors utilized by microbes in nutrient-

rich systems.  Since sulfate reduction, which is in the latter part of this sequential 

reduction of organic carbon, occurs at the subject site, and since nitrate reduction is also 

part of the same sequence as is sulfate reduction, it is reasonable to conclude that 

denitrification is also occurring in Pete Mitchell Canal.  

After the hypothesized local denitrifying environment was removed, nitrate 

concentration from SM-5 (9.6 mg/L) to SM-5E (13.4 mg/L) increased by 40%.  This 

increase was expected to occur, based on the hypothesis that the removal of denitrifying 

bacteria in stream bottom sediments would eliminate a nitrate sink during base flow into 

this canal.  Since groundwater samples taken at 1.5 feet below this meter showed nitrate 

concentrations in the 16 mg/L range, it was expected that the increase in nitrate 
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concentration with the new sands during base flow would be even greater than the 40% 

observed.  It may be that the removal of fine sands and the replacement with sterile coarse 

sands itself introduced bacteria to the subsurface.  Even if this is true, the dramatic 

increase in base flow, lower residence time and the decreased interstitial surface area 

produced with these new coarse sands would prevent any denitrifying bacteria from 

removing nitrates as efficiently as they had within the natural sediment environment. 

The hypothesized local denitrifying environment was removed at SM-6, yet the 

nitrate concentration did not increase significantly with SM-6E.  This result suggests that 

denitrifiers may not be present at this specific spot in these canal sediments.  Looking at 

Figure 13, one can see that SM-6 did not stop increasing in nitrate concentration until the 

last nitrate sample was taken.  Unfortunately, it is possible that not enough nitrate samples 

were collected for SM-6 and that therefore the average nitrate concentration data for this 

meter is skewed.  The pH was also consistently lower for SM-6 than SM-5, which 

suggests that the local sediments under SM6 may have changed so abruptly from a 

reducing to an oxidizing environment during base flow that only a small zone of 

denitrification was allowed to form, which could not be detected with this field 

experiment.   

If temporal change in nitrate concentration was responsible for the dramatic 

increase in nitrate concentration from SM-5 to SM-5E, such a temporal change was not 

observed in SM-6E, which was placed in very close (roughly two feet) proximity to SM-

5E and sampled at precisely the same time SM-5E.   It is also important to note that none 

of the observed temporal changes in seepage meter nitrate concentration occurred either 
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after the achievement of steady-state conditions or as nitrate concentration asymtoped at 

the predicted concentration with cumulative volume from Equation 3, as shown in Section 

4.2.1.               

 
6.1 Conclusions 

The performance of drum-type seepage meters in measuring nitrate concentration 

data with time, or flow, indicates that this type of seepage meter can be used effectively to 

record groundwater quality and seepage flux from base flow in a stream environment.  

However, to be an effective device in measuring groundwater quality and seepage flux, 

certain physical hydraulic phenomena pertaining to the flow design of these type of 

seepage meters must be understood and considered. 

An equation was developed to determine the volume of groundwater required to 

flow into one of these drum-type seepage meters before samples taken from it represent 

groundwater nitrate concentration after placement on stream sediments.  Plotting 

calculated nitrate concentration with flow from the seepage meter and also plotting 

observed nitrate concentration with flow from the seepage meter produced similar curves. 

The nitrate concentration data sets from SM-6 and SM-6E were not significantly 

different (p > .05), so the null hypothesis could not be rejected with these two data sets.   

According to the null hypothesis, the nitrate concentration data sets from the 

seepage meter placements of SM-5 and SM-5E are equal.  Statistically, the null 

hypothesis can be rejected for these data sets, indicating that nitrate concentration did 

increase with the removal of sediments.  Further, this increase in nitrate concentration was 

found to be highly significant, with an obtained exact p-value of .0003.  The average 
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nitrate concentration from SM-5 was 9.6 mg/L, and after the removal of natural fine sands 

with very coarse sands, the average nitrate concentration from the same location (SM-5E) 

was 13.4 mg/L.  This change represents a local nitrate concentration increase of 40%, 

which supports the hypothesis that denitrifying bacteria create a nitrate sink in canal 

bottom sediments during base flow.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

59 

REFERENCES 

Bohlke, J. K., and Denver, J. M., 1995, Combined use of groundwater dating, chemical, 
and isotopic analyses to resolve the history and fate of nitrate contamination in two 
agricultural watersheds, Atlantic coastal plain, Maryland, Water Resources Research, 
31(9): 2319-2339. 
 
Chapelle, F. H. (1993).  Ground-Water Microbiology and Geochemistry.  John Wiley and 
Sons, Inc., New York, pp. 246-247. 
 
Fellows, C. R. and Brezonik, P. L.  1980.  Seepage flow into Florida Lakes, Water 
Resources Bulletin, 16(4):  635-641. 
 
Fetter, C. W., (1995).  Applied Hydrogeology.  Prentice-Hall, New York, pp. 93-146. 
 
Hach Company, (2002) Water Analysis Handbook.  Hach Company, Colorado, pp. 573-
578, 1198-1199. 
 
Hach Company, (1997) Portable Datalogging Colorimeter Instrument Manual for 
DR/820, DR/850 and DR/890.  Hach Company, Colorado, pp. 20. 
 
Harris, D. C. (1991) Quantitative Chemical Analysis.  W. H. Freeman and Company, 
New York, pp. 501-506. 
  
Hollander, M., and Wolfe, D. A. (1999) Nonparametric Statistical Methods.  John Wiley 
and Sons, New York, pp. 106-110.  
 
Jorgensen, B.B. 1989. Biogeochemistry of chemoautotrophic bacteria, in H.G.Shlegel and 
B. Bowien B. (eds.), 117-146, Autotrophic Bacteria, Madison: Sci. Tech. Publ. & 
Springer-Verlag. 
 
Korom, S. F., 1992, Natural denitrification in the saturated zone:  A review, Water 
Resources Research, 28(6): 1657-1668. 
 
Lee, R. L., 1977, A device for measuring seepage flux in lakes and estuaries, Limnology 
and Oceanography, 22(1): 140-147. 
 
Lowrance, R., Todd, R., Fail, J. (Jr.), Hendrickson, O. (Jr.), Leonard, R., and Asmussen, 
L., 1984, Riparian forests as nutrient filters in agricultural watersheds, BioScience, 34(6): 
374-377. 
 
McMahon and Lloyd, 1995.  Water-Quality Assessment of the Albermarle-Pamlico 
Drainage Basin, North Carolina and Virginia-Environmental Setting and Water-Quality 
Issues:  U.S. Geological Survey Open-File Report 95-136. 



 
 

60 

 
Payne, W. J., (1981). Denitrification. John Wiley and Sons, New York, pp. 61-63.    
 
Shaw, R. D., and Prepas, E. E.  1989.  Anomalous, short-term influx of water into seepage 
meters, Limnology and Oceanography, 34(7):  1343-1351. 
 
Smith, R. L, and Duff, J. H., 1988.  Denitrification in a sand and gravel aquifer, Applied 
and Environmental Microbiology, 54(5):1071-1078. 
 
Spruill, T. B., 2000.  Statistical evaluation of effects of riparian buffers on nitrate and 
ground water quality, Journal of Environmental Quality, 29(5): 1523-1538. 
 
Spruill, T. B., 2002. Effectiveness of riparian buffers in controlling discharge of nitrate to 
streams in selected hydrogeologic settings of the North Carolina Coastal Plain: 
Proceedings; Sixth International Conference on Diffuse Pollution. Amsterdam, Sept. 30-
Oct. 4, 2002. 
 
Spruill, T. B., and Galeone, D. R, 2000. Effectiveness of riparian buffers in reducing 
nitrate-nitrogen concentrations in ground water: Proceedings; International Conference on 
Riparian Ecology and Management in Multi-Land Use Watersheds.  American Water 
Resources Association, August 2000. 
 
Stumm, W. , and Morgan, J. J. (1996).  Aquatic Chemistry. John Wiley and Sons, New 
York, pp. 473-475. 
 
Sumsion, C. T., 1970, Geology and Ground-Water Resources of Pitt County, North 
Carolina, U.S Geological Survey, Ground Water Bulletin No. 18. 
 
Wanty, R. B., and Winter, Thomas C. 2000. A simple device for measuring differences in 
hydraulic head between surface water and shallow ground water.  U.S. Geological Survey 
Fact Sheet FS-077-00, Denver, Colorado:  USGS. 
 
Williams, J. B., The Influence of Agriculture on Groundwater Quality:  A 
Hydrogeological and Geochemical Perspective, 1998, M. S. thesis, unpublished.  East 
Carolina University, Greenville, NC. 
 
Winner, M. D. (Jr.), and Coble, R. W., 1996, Hydrogeologic Framework of the North 
Carolina Coastal Plain, U.S. Geological Survey Professional Paper 1404-I. 

 

 

 



 
 

61 

APPENDICES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

62 

APPENDIX I 

DERIVATION OF SEEPAGE METER EQUATION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

27.31 centimeters is the diameter of the drum. 
 

qin = qout 
 

Md = mass in drum(nitrate) 
total mass in = Cinqin 

total mass out = Coutqout 
 

now to set up the equation and solve, 
 

Cinqin - Coutqout = dMd / dt 
 

(Cin – Cout)q = dMd / dt 
 

cout = Md / V, substituting we get 
 

(Cin – (Md / V))q = dMd / dt 
 

qdt = dMd / (Cin – (Md / V)) 
 

multiply both sides by V / V and we get 
 

qdt = (V)dMd / (CinV – Md) 
 

Drum

qin = flow L/hr in 
Cin = nitrate mg/L 

V ≅ 0.5L

qout = flow L/hr out 
Cout = nitrate mg/L 

≤ 1 centimeter

stream bottom
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multiply both sides by 1 / V 
(q / V)dt = dMd / (CinV – Md) 

 
let’s put a negative sign on each side 

 
(-q / V)dt = dMd / (Md - cinV) 

 
integrate 

 
I(-q / V)dt = IdMd / (Md - CinV) 

 
(-q / V)t + k = I du/u   were 

u = Md - CinV 
du = dMd 

 
so we get 

 
(-q / V)t + k = Ln(Md - CinV) + k1 

 
let k - k1 = K 

 
(-q / V)t + K = Ln(Md - CinV) 

 
raise both sides by the exp. function ex and simplify we get 

 
e(-q / V)t + K = Md - CinV 

 
(e(-q / V)t) (eK) = Md - CinV 

 
let K1 = eK 

 
(e(-q / V)t)K1 = Md - CinV 

 
Md = CinV + K1 (e(-q / V)t) 

 
we are looking for Cout = Md / V, so multiply both sides by 1/V 

 
Md / V = Cin + (K1(e(-q / V)t)) / V 

 
now let K1 / V = K 

 
So now we have 

 
Cout = Cin + K e(-q / V)t 
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APPENDIX II 
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calibration curve Powder pillows program 51 HACH DR/850
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APPENDIX III 

 

 

 

SM-4 (6/9/2002)

Nitrate mg/L pH sample time sample in bag mL total flow mL
5.7 ns 6/16/02 10:00 AM 335 335
8.5 ns 6/23/02 9:30 AM 400 735
7.4 ns 6/30/02 12:00 PM 455 1190
7.5 ns 7/7/02 9:00 AM 400 1590
5.0 ns 7/14/02 9:20 AM 300 1890

11.3 6.25 7/28/02 9:10 AM 925 2815
15.3 6.24 8/4/02 9:30 AM 1095 3910
14.3 6.16 8/11/02 9:45 AM 1050 4960
13.3 5.92 8/14/02 9:45 AM 850 5810
ns 6.03 8/18/02 10:00 AM 1000 6810

12.4 6.224 8/25/02 9:30 AM 900 7710
ns 5.87 8/25/02 10:45 AM 250 7960

12.4 6.266 9/1/02 10:45 AM 900 8860
12.5 5.889 9/1/02 12:30 PM 300 9160
11.3 5.795 9/2/02 12:20 PM 700 9860
12.5 5.778 9/3/02 12:00 PM 700 10560

SM-5 (7/7/2002)

Nitrate mg/L pH sample time sample in bag mL total flow mL
5.0 6.470 7/14/02 9:25 AM 550.000 550.0
ns 6.510 7/21/02 9:30 AM 690.000 1240.0

10.0 6.490 7/28/02 9:20 AM 1050.000 2290.0
9.0 6.630 8/4/02 9:25 AM 1150.000 3440.0

10.5 6.500 8/11/02 9:50 AM 1225.000 4665.0
10.1 6.280 8/14/02 9:45 AM 1225.000 5890.0
ns 6.300 8/18/02 10:00 AM 1250.000 7140.0
9.5 6.408 8/25/02 9:40 AM 1500.000 8640.0
ns 6.160 8/25/02 10:30 AM 300.000 8940.0
8.2 6.405 9/1/02 11:00 AM 1500.000 10440.0
9.7 6.240 9/1/02 12:30 PM 300.000 10740.0
9.8 6.080 9/2/02 11:55 AM 1250.000 11990.0
ns 6.013 9/3/02 12:10 PM 1250.000 13240.0
9.6 6.008 9/4/02 9:45 AM 1000.000 14240.0
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SM-6 (7/28/2002)

Nitrate mg/L pH sample time sample in bag mL total flow mL
10.4 6.070 8/11/02 9:55 AM 2000 550
11.3 5.770 8/14/02 9:40 AM 2100 4100
ns 5.830 8/18/02 9:10 AM 2000 6100
ns 5.950 8/18/02 10:20 AM 275 6375
12 5.658 8/25/02 11:30 AM 2110 8485

13.2 5.690 9/2/02 12:00 PM 1750 10235
13.6 5.660 9/3/02 12:30 PM 1600 11835
12.9 5.627 9/4/02 10:00 AM 800 12635

SM-7 (8/11/2002)

Nitrate mg/L pH sample time sample in bag mL total flow mL
7.7 6.120 8/14/02 9:30 AM 1700 1700
ns 5.910 8/18/02 9:30 AM 1700 3400
ns 5.655 8/18/02 10:39 AM 500 3900
ns ns 8/25/02 10:30 AM 1000 4900

11.2 5.490 8/25/02 11:15 AM 210 5110
11.9 5.747 9/1/02 11:15 AM 1500 6610
11.7 5.630 9/2/02 12:25 PM 1250 7860
11.6 5.623 9/3/02 12:55 PM 1500 9360
12.0 5.589 9/4/02 10:15 AM 1250 10610
11.9 5.561 9/4/02 1:20 PM 300 10910
10.7 6.039 9/7/02 3:10 PM 800 11710
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SM-9 (9/8/2002)

Nitrate mg/L pH sample time sample in bag mL total flow mL
ns ns 9/8/02 3:15 PM ns 0
ns ns 9/15/02 10:00 AM ns 0
ns ns 9/21/02 12:40 PM ns 0
ns 6.097 9/22/02 10:00 AM 900 900
ns 6.048 9/22/02 10:40 AM 250 1150
7.6 6.211 9/28/02 6:00 PM 1300 2450

20.8 6.033 10/3/02 10:45 AM 1500 3950
13.1 5.802 10/3/02 12:30 PM 600 4550
16.9 5.793 10/4/02 10:15 AM 1500 6050
12 5.794 10/4/02 12:40 PM 950 7000

12.4 5.715 10/4/02 1:30 PM 400 7400
ns 5.783 10/7/02 12:30 PM 1500 8900

12.3 5.772 10/7/02 2:05 PM 900 9800
ns 5.733 10/8/02 10:35 AM 1250 11050
13 5.705 10/8/02 12:25 PM 650 11700

11.9 5.647 10/8/02 1:45 PM 500 12200

SM-8 (8/14/2002)

Nitrate mg/L pH sample time sample in bag mL total flow mL
ns 6.120 8/18/02 10:00 AM 1000 2000
ns 5.77 8/18/02 10:25 AM 625 1625
ns 5.675 8/25/02 10:25 AM 2000 3625

11.7 5.675 8/25/02 11:10 AM 650 4275
12.5 5.803 9/1/02 11:25 AM 200 4475
9.1 5.972 9/1/02 1:00 PM 550 5025

12.1 5.772 9/2/02 12:10 PM 1350 6375
12.5 5.748 9/3/02 12:55 PM 1500 7875
12.7 5.690 9/4/02 10:20 AM 1400 9275
12.5 6.165 9/7/02 3:15 PM 400 9675
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SM-5E (9/22/2002)

Nitrate mg/L pH sample time sample in bag mL total flow mL
ns 6.372 9/22/02 11:50 AM 2000 2000

10.7 5.906 9/28/02 5:30 PM 1000 3000
13.5 5.728 9/28/02 6:10 PM 1250 4250
ns ns 9/28/02 6:35 PM 1500 5750

12.9 5.813 10/3/02 10:15 AM 1750 7500
13.4 5.597 10/3/02 10:55 AM 1500 9000
13.1 5.514 10/3/02 11:20 AM 1500 10500
ns ns 10/3/02 12:30 PM 1750 12250

14.9 5.656 10/4/02 10:30 AM 1500 13750
ns 5.581 10/4/02 11:05 AM 1250 15000

12.2 5.522 10/4/02 11:30 AM 1250 16250
13.4 5.482 10/4/02 12:30 PM 1450 17700
12.8 5.488 10/4/02 1:15 PM 1350 19050
ns 5.666 10/7/02 12:35 PM 1500 20550
ns 5.560 10/7/02 12:55 PM 1200 21750
ns 5.510 10/7/02 1:20 PM 1250 23000
ns 5.491 10/7/02 1:50 PM 1250 24250

14.3 5.501 10/7/02 2:20 PM 1250 25500

SM-6E (9/22/2002)

Nitrate mg/L pH sample time sample in bag mL total flow mL
ns 6.303 9/22/02 10:45 AM 700 700
ns 6.266 9/22/02 11:15 AM 750 1450
ns 6.009 9/22/02 12:00 PM 950 2400

12.6 5.616 9/28/02 5:45 PM 1000 3400
12.6 5.488 9/28/02 6:15 PM 1100 4500
12.8 5.779 10/3/02 10:25 AM 1750 6250
14.8 5.575 10/3/02 11:00 AM 1500 7750
13.8 5.496 10/3/02 11:25 AM 1350 9100
14.3 5.658 10/4/02 10:20 AM 1600 10700
ns 5.514 10/4/02 11:00 AM 1500 12200

12.6 5.475 10/4/02 11:25 AM 1400 13600
13.0 5.442 10/4/02 12:35 PM 1500 15100
13.3 5.425 10/4/02 1:25 PM 1250 16350
ns 5.645 10/7/02 12:40 PM 1600 17950
ns 5.466 10/7/02 1:00 PM 1500 19450
ns 5.450 10/7/02 1:25 PM 1500 20950
ns 5.419 10/7/02 1:55 PM 1500 22450

12.1 5.423 10/7/02 2:30 PM 1500 23950
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APPENDIX IV 

The SAS System 
 
 

Obs colorimeter lab z 
 

1 3.7  3.7 0.0 
2 7.4  6.1 1.3 
3 9.6  8.1 1.5 
4 14.3  14.8 -0.5 
5 12.9  11.6 1.3 
6 12.1  14.4 -2.3 

                                          
The SAS System 

 
The UNIVARIATE Procedure 

Variable:  z 
 

Moments 
 

N  6  Sum Weights  6 
Mean  0.21666667 Sum Observations 1.3 
Std Deviation 1.47569193 Variance  2.17766667 
Skewness -1.0886455 Kurtosis   0.51758257 
Uncorrected SS 11.17  Corrected SS  10.8883333 
Coeff Variation    681.088582 Std Error Mean  0.60244871 

 
Basic Statistical Measures 

 
Location     Variability 

 
Mean  0.216667 Std Deviation  1.47569 
Median  0.650000 Variance  2.17767 
Mode  1.300000 Range   3.80000 

Interquartile Range 1.80000 
 
 

Tests for Location: Mu0=0 
 

Test   -Statistic-  -----p Value------ 
 

Student's t t 0.359643 Pr > |t|  0.7338 
Sign  M 0.5  Pr >= |M| 1.0000 
Signed Rank S 1.5  Pr >= |S|  0.7500 
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Quantiles (Definition 5) 

 
Quantile   Estimate 

 
100% Max  1.50 
99%   1.50 
95%   1.50 
90%   1.50 
75% Q3   1.30 
50% Median  0.65 
25% Q1   -0.50 
10%   -2.30 
5%   -2.30 
1%   -2.30 
0% Min   -2.30 

                                          
The SAS System 

The UNIVARIATE Procedure 
Variable:  z 

 
Extreme Observations 

 
 

----Lowest----    ----Highest--- 
 

Value  Obs   Value  Obs 
-2.3  6   -0.5  4 
-0.5        4    0.0  1 
0.0  1   1.3  2 
1.3  5   1.3  5 
1.3  2   1.5  3 
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APPENDIX V 

The SAS System 
 

Obs nitrate group 
 

1 9.0 SM-5 
2 10.5        SM-5 
3 10.1        SM-5 
4 9.5        SM-5 
5 8.2 SM-5 
6 9.7 SM-5 
7 9.8 SM-5 
8 9.6 SM-5 
9 13.5 SM-5E 
10 12.9 SM-5E 
11 13.4 SM-5E 
12 13.1 SM-5E 
13 14.9 SM-5E 
14 12.2 SM-5E 
15 13.4 SM-5E 
16 12.8 SM-5E 
17 14.3 SM-5E 

 
The SAS System 

 
The NPAR1WAY Procedure 

Wilcoxon Scores (Rank Sums) for Variable nitrate 
Classified by Variable group 

 
 

Sum of  Expected Std Dev  Mean 
Group N Scores  Under Ho Under Ho Score 
SM-5 8 36.0  72.0  10.385935 4.50 
SM-5E 9 117.0  81.0  10.385935 13.00 

 
Average scores were used for ties. 
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Wilcoxon Two-Sample Test 
 

Statistic (S)  36.0000 
 

Normal Approximation 
Z   -3.4181 
One-Sided Pr <  Z 0.0003 
Two-Sided Pr > |Z| 0.0006 
 
t Approximation 
One-Sided Pr <  Z 0.0018 
Two-Sided Pr > |Z| 0.0035 
 
Exact Test 
One-Sided Pr <=  S  4.114E-05 
Two-Sided Pr >= |S - Mean| 8.227E-05 
 
 
Z includes a continuity correction of 0.5. 

 
Kruskal-Wallis Test 

 
Chi-Square  12.0147 
DF   1 
Pr > Chi-Square  0.0005 
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APPENDIX VI 

The SAS System 
 

Obs nitrate group 
 

1 11.3 SM-6 
2 12.0 SM-6 
3 13.2 SM-6 
4 13.6 SM-6 
5 12.9 SM-6 
6 12.6 SM-6E 
7 12.8 SM-6E 
8 14.8 SM-6E 
9 13.8 SM-6E 
10 14.3 SM-6E 
11 12.6 SM-6E 
12 13.0 SM-6E 
13 13.3 SM-6E 
14 12.1 SM-6E 

                                          
The SAS System 

 
The NPAR1WAY Procedure 

Wilcoxon Scores (Rank Sums) for Variable nitrate 
Classified by Variable group 

 
Sum of  Expected Std Dev  Mean 

Group N Scores  Under H0 Under H0 Score 
SM-6 5           30.0  37.50  7.491754 6.000000 
SM-6E 9           75.0  67.50  7.491754 8.333333 

 
Average scores were used for ties. 
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Wilcoxon Two-Sample Test 
 

Statistic (S)                30.0000 
 
Normal Approximation 
Z   -0.9344 
One-Sided Pr <  Z 0.1751 
Two-Sided Pr > |Z| 0.3501 
 
t Approximation 
One-Sided Pr <  Z 0.1836 
Two-Sided Pr > |Z| 0.3671 
 
Exact Test 
One-Sided Pr <=  S      0.1723 
Two-Sided Pr >= |S - Mean|    0.3462 
 
 
Z includes a continuity correction of 0.5. 
 

Kruskal-Wallis Test 
 
Chi-Square           1.0022 
DF   1 
Pr > Chi-Square  0.3168


