
Journal of Water Resource and Protection, 2011, 3, 504-512 
doi:10.4236/jwarp.2011.37060 Published Online July 2011 (http://www.SciRP.org/journal/jwarp) 

Copyright © 2011 SciRes.                                                                               JWARP 

Reactive Stream Stabilization for Minimizing Transport of 
Phosphorus and Nitrogen from Agricultural Landscapes 

Ji-Hee Son1, Chester C. Watson2, David S. Biedenharn2, Kenneth H. Carlson1 
1Department of Civil and Environmental Engineering, Colorado State University, Fort Collins, USA 

2Biedenharn Group, Vicksburg, USA 
E-mail: kcarlson@engr.colostate.edu 

Received May 5, 2011; revised June 9, 2011; accepted July 8, 2011 

Abstract 
 
A reactive stream stabilization (RS2) system based on aluminum as the adsorbent and garden mulch as the 
organic matter source was designed to minimize release of agricultural nonpoint source pollutants and in-
stalled along the bank of the Little Bogue Creek, MS in 2008. The scope of this research was to design, in-
stall and assess the performance of a field scale RS2 structure based on results from previous lab scale stud-
ies. Concentrations of alum and total organic carbon (TOC) in the RS2 test barrier and surrounding area were 
measured to evaluate design parameters of RS2 and the removal effectiveness was examined from soils and 
monitoring wells that were sampled in 2009. The mean concentration of Al from the reactive barrier was 2.1 
mg/g and organic matter from the monitoring wells was 4.7 mg/L, values significantly greater than the sur-
rounding area (p < 0.05). Soil Mehlich-3 P and total phosphorus (TP) were decreased by 55% and 30%, and 
40% of the TN and 51% of the nitrate in the ground water were removed through the RS2. The design objec-
tives have been satisfied with the installed RS2 system and the initial sampling data shows effective nutrient 
removal. 
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1. Introduction 
 
Phosphorus is recognized as a limiting factor for growth 
of aquatic organisms in surface water bodies especially 
in lakes and reservoirs [1-3]. When excess amounts of 
nutrients (nitrogen and phosphorus) are discharged into 
surface water, the biomass of phytoplankton starts to 
increase and shifts to bloom-forming species that may be 
toxic to stock animals and potentially humans [4-7]. As 
biomass of algae increases, water transparency decreases 
and taste, odor and water treatment problems become a 
possibility [8]. Microorganisms decompose algae when 
they die resulting in dissolved oxygen depletion, death of 
living organisms, fish kills, and deterioration of aesthetic 
value of water bodies [9]. The USEPA has identified the 
excess release of nutrients as one of the top 5 causes of 
water quality “impairment” of rivers and streams in the 
U.S. along with pathogens, habitat alteration, organic 
enrichment, and unknown-impaired biota [10]. 

Phosphorus enters natural waters as a result of point 
source and nonpoint source pollution. Point sources are 
primarily discharges from wastewater treatment plants 

(WWTPs), and nonpoint sources come from diffuse, dif- 
ficult-to-identify, intermittent sources of pollutants such 
as urban and agricultural runoff [11]. Agricultural soils 
obtain P from livestock, mineral fertilizers, and munici- 
pal sludges and wastewaters resulting in a decrease of the 
soil’s capacity to retain P. The decreased P retention ca- 
pacity of the soil can accelerate the loss of P into the 
watershed when there is heavy rainfall and runoff [12]. 

Unlike point source P loads which are typically treated 
through physical, chemical, and biological processes 
including adsorption and precipitation using alum, ferric 
chloride, and lime at wastewater treatment plants, non- 
point source P loads are largely controlled through “Best 
Management Practices (BMPs)”, economical and tech- 
nically feasible ways to minimize P movement [11]. Be- 
cause of the tendency for phosphorus to sorb to soils, P 
usually moves with the soil or sediment during signifi- 
cant rainfall events [5,13-15]. Research has shown that 
within a landscape, 50 to 95 percent of P transports 
through moving sediments, recognized as the largest 
pollutant in our waters by volume and mass. Sediments 
are released into water bodies via bed and bank erosion, 
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and overland erosion and therefore erosion control is a 
key method for decreasing nonpoint source P inputs to 
water bodies [9,16]. However, erosion control by itself 
will not be completely effective since a significant frac- 
tion of P is still in a colloidal or dissolved form particu- 
larly when high source loads decrease or eliminate the 
adsorption capacity of the soils and sediments. 

River bank stabilization (RBS) and reactive stream 
stabilization (RS2) are both effective BMPs for reducing 
and preventing phosphorus from entering the watershed 
[11,17]. RBS can be installed alone or installed with RS2 
to achieve additional amounts of phosphorus and nitro- 
gen removal.  

The RS2 is a system that is designed to stabilize the 
stream and minimize release of agricultural nonpoint 
pollutants from farms, waste sites, and animal feed lots 
to the stream through erosion. The RS2 diverts ground- 
water and surface water runoff through materials in the 
reactive barrier that enhance microbial and physical nu- 
trient removal [17]. The nutrient removal efficiency of 
the RS2 system has been demonstrated by Watson’s 
2003 to 2006 study at the Colorado State University En- 
gineering Research Center (ERC). Watson et al. (2006) 
found that the RS2 structure utilizing water treatment 
residual (WTR) as the reactive barrier material had the 
best phosphorus removal efficiency among the 3 evalu- 
ated materials; sawdust, WTR, and zero-valent iron 
(ZVI). WTR is an aluminum based media that is the re- 
sidual from the coagulation and settling processes in a 
water treatment system and it has the capability of ad- 
sorbing large amounts of phosphorus [18-21]. When 
sand amended with 15% WTR was used as the reactive 

barrier, 98% phosphorus removal and greater than 90% 
nitrate reduction was measured [17].  

Based on the results of the field study at CSU, a RS2 
structure was installed at a site along a stream bank of 
the Little Bogue Creek in Elliott, Mississippi in Novem-
ber 2008 (Figure 1). 

The scope of the research was to assist in design and 
installation of a field scale RS2 structure and to conduct 
assessment of the initial nutrient removal performance of 
the system. For this research, the objectives that were 
established given the timeframe of the project were: 

1) Assist in design and installation of field scale RS2 
structure.  

2) Document construction of RS2 structure and evalu- 
ate adherence to construction design parameters.  

3) Provide initial data collection and evaluation of RS2 
performance for limiting P and N transport to stream. 

To evaluate design parameters of RS2, concentrations 
of alum and total organic carbon (TOC) in the RS2 test 
barrier and surrounding areas were analyzed to determine 
if enough of them are in the barrier to remove nutrients 
as it was designed.  
 
2. Methods 
 
After RS2 installation, soil and water samples were col- 
lected to begin understanding the structure’s nutrient 
removal effectiveness. Sampled soils were classified and 
total phosphorus (TP), Mehilch-3 P, TOC, total nitrogen 
(TN) and aluminum (Al) were measured for soil concen- 
trations and TP, dissolve reactive phosphorus (DRP), TN, 
nitrate and TOC were determined for water concentra-  

 

 

Figure 1. Map of the RS2 structure site on Little Bogue Creek in Elliott, MS (Data source: Mississippi geospatial clearing-
ouse). h  
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tions. A schematic diagram of the sampling sites is 
shown in Figure 2. 
 
2.1. Field Sampling 
 
Two sampling campaigns were conducted in 2009 (May 
and July) with soil and water samples being collected 
along the Little Bogue Creek in Elliot, Mississippi (Fig- 
ure 2). Little Bogue creek is a well-suited place to study 
a RS2 system because it is surrounded by agricultural 
areas and the only expected source of nutrients in the 
stream is the nearby agricultural lands since there are no 
upstream WWTPs. 

For the first sampling campaign, five soil samples 
(100 g per sample) were collected from both the lower 
bank of the barrier (Section 3; see Figure 2), upper bank 
of the barrier near the agricultural field (Section 1) and 
ten additional soil samples were taken from the reactive 
barrier (Section 2) at two different depths; 16 inches and 
36 inches to observe differences and accumulation of P. 
For the second sampling, five soil samples were col- 
lected from the lower bank of the barrier (Section 3), up- 
per bank of the barrier near the field (Section 1) and the 
16 inches deep reactive barrier (Section 2). Each soil 
sample was collected in a labeled plastic zip bag. 

A well sampler was used to collect water samples 
from previously installed observation wells. The well 
sampler used was a rod-shape device 5 feet long that 
could be lengthened by 10 feet to reach ground water in 
the monitoring well. A volume of 0.5 L was taken from 
the monitoring wells LB2, LB3, LB4, LB5 and LB6, and 

four surface water samples were collected from upstream, 
adjacent to RS2 and downstream of the testing sites. 
Stream samples were collected from the center of the 
stream in clean, one liter Nalgene bottles.  

After sampling, all of the samples were placed in ice 
bags to maintain low temperature (< 4˚C) while they 
were transfered to the laboratory for analysis. Soil sam- 
ples were air-dried, ground and passed through a 2-mm 
sieve before being transferred to a freezer. Water sam- 
ples were filtered through Whatman No.42 filter paper 
then preserved in a refrigerator to avoid further reactions 
that could affect later measurement of the samples. All 
samples were measured within 28 days. 
 
2.2. Soil Classification 
 
Air-dried and ground soils were sieved through 2 mm 
(sieve No.10) and 75 µm (sieve No.200) sieves to be 
characterized. The soils that did not pass through the 2 
mm sieve were classified as gravel, the soils that passed 
through the 2 mm sieve but not the 75 µm sieve were 
categorized as sand and the soils that went through the 
75 µm sieve were classified as silt and clay. The gravel, 
sand, and silt and clay fractions were weighed and clas- 
sified using AASHTO soil classification system [22]. 
Soils were classified as silt-clay materials if more than 
35 wt.% of soils passed through the 75 µm sieve and if 
less than 35 wt.% passed the 75 µm sieve, they were 
classified as granular materials. Most of the sampled 
soils were classified as silt-clay materials, the exceptions 
being 1-B and 2-A in Figure 2. 

 

 

Figure 2. Plan view of sampling site in the RS2 test area on the Little Bogue Creek site (A, B, C, D: test area; E: control area; 
: field side upper bank; 2: RS2 barrier; 3: lower bank; LBs: monitoring wells). 1 
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2.3. Soil Analyses 
 
To understand the characteristics of P in the soil samples, 
two sediment-phosphorus analyses were conducted; TP 
and Mehlich-3 phosphorus. TOC and Al in the soils were 
also measured to help understand how these parameters 
impacted P adsorption. For the TP, TOC and Al analyses, 
a microwave digestion method was used [23]. The diges- 
tion method included an alkaline persulfate solution 
(0.17 M K2S2O8 + 0.24 M NaOH) that was prepared by 
mixing 11.25 g of potassium persulfate (Fisher scientific, 
Fair Lawn, NJ) and 59.5 ml of 1N sodium hydroxide 
(Fisher scientific, Fair Lawn, NJ) in a 250 mL volumetric 
flask with DI water. The vessel of the microwave di- 
gester was washed with 6 M HCl and DI water before 
and after the sample digestion. Each sample had 50 mg 
of sediment digested for 40 minutes in the microwave 
digester for oxidation with 25 mL of alkaline persulfate 
oxidizing solution at 170˚C and 135 psi. After 40 min- 
utes, samples were cooled and vented in a fume hood, 
filtered through Whatman No.42 filter paper and then 
diluted to volume in 100 ml volumetric flasks. The pH 
values of the extracts were adjusted to a range of 5-7.  

Soil aluminum analysis was conducted using a Hach 
colorimetric method (Hach method No. 8012) and TP 
was analyzed using the ascorbic acid method with 10ml 
of digested extractant (Hach method No. 8048). Meh- 
lich-3 P was measured for the bioavailable phosphorus 
[24] and TN was analyzed using the Shimadzu TOC- 
-VCS analyzer (Shimadzu Corporation, Columbia, MD). 
The minimum detection limits (MDLs) of the methods 
for Al, TP, and TN are 0.008 mg/L, 0.03 mg/L [25], and 
4 µg/L, respectively. 
 
2.4. Aqueous Analyses  
 
For the aqueous analyses, TP, DRP, nitrate, TOC, and 
TN analyses were conducted. Water TP was measured 
using the Hach acid persulfate digestion method (Hach 
method No. 8190) and DRP was measured using the 
Phosver3 reagent (Hach Company, Loveland, CO; Hach 
method No. 8048). The cadmium reduction method was 
used for nitrate analysis (Hach method No. 8171) and 
TOC and TN were measured using the Shimadzu 
TOC-VCS analyzer (Shimadzu Corporation, Columbia, 
MD).  
 
2.5. Statistical Method 
 
A paired t-test was used to study the correlation between 
the field and RS2 barrier, between the barrier and the 
bank, and between the field and the bank. Correlation of 
the RS2 test area and the control area were also tested at 

the p = 0.05 significance level.  
 
3. Results and Discussion 
 
A demonstration-scale RS2 structure was designed and 
constructed along the west bank of the Little Bogue 
Creek in November, 2008. A combination of alum (20% 
v/v) and organic matter as mulch (19% v/v) were mixed 
with the soil in the bank and river birch, sycamore and 
willow were used for pole plantings to prevent soil loss 
and improve the endurance of the RS2 structure.  
 
3.1. Design and Construction of the RS2 
 
The RS2 was designed according to previous field tests 
at the ERC of CSU from 2003 to 2006. For these tests, a 
mixture of 15% of WTR with sand was used in the reac- 
tive barrier and 98% phosphorus removal was achieved 
through the barrier. From the result of the test, 10 to 20 
% volume fraction (v/v) of WTR and 15 to 20 % of 
volume fraction (v/v) of mulch were targeted for the RS2 
reactive barrier in the Little Bogue watershed. 

Aluminum sulfate (Al2SO4-14H2O) was used as a pre- 
cursor of aluminum hydroxide (Al(OH)3) formation 
in-situ. Eucalyptus mulch was applied as a source of or- 
ganic matter (OM) to provide electron donors for denitri- 
fication in the 150 ft long reactive barrier. A 75 ft long 
area adjacent to the barrier was used as a control section 
and it had no added aluminum or organic matter. Con- 
struction of the RS2 was completed in November, 2008 
in a location where bank stabilization in the form of lon- 
gitudinal peak stone toe protection (LPSTP) already ex-
isted. A 150 foot long, 4 foot deep and 1 foot wide trench 
was dug with a mini-excavator. Each 1.5 cubic foot bag 
of eucalyptus mulch was mixed with two 0.81 cubic foot 
bags of aluminum sulfate and native soils in the trench 
(Figure 3). 

Since the weight fraction of aluminum was the main 
design criterion of the RS2 design for P adsorption, cal- 
culating the weight concentration of aluminum in the 
barrier was critical. Since the volume of trench was ap- 
proximately 600 cubic feet, the volume percentage of 
OM and alum in trench were 18.7% and 20.2%, respec- 
tively, and the corresponding weight percentage of alu- 
minum should be 1.7%. This weight percentage of alu- 
minum was equivalent to 18% v/v of WTR since the 
weight fraction of aluminum in WTR is 0.094.  

After mixing alum and mulch with the native soils in 
the trench, poles of river birch, sycamore and willow 
were planted in increments of each 25 feet along the test 
trench and the rest of 75 feet of the trench remained 
without pole planting. To enhance infiltration of rain and 
surface runoff into the barrier, a small berm was built    
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Figure 3. Design concept of RS2 in Little Bogue, MS. 
 
stream-side of the trench and a gully on the top bank was 
restored. Excessive soils on the barrier, the berm and the 
repaired gully were removed and top soils were flattened 
and then seeded with winter rye grass and mulched hay. 

Six monitoring wells were installed in January, 2009. 
Three of them were placed on the stream-side bank and 
three on the field side of the reactive barrier to monitor 
nutrients in the ground water passing through the barrier. 
Five months after the RS2 construction, the first sam- 
pling campaign was conducted in the test and control 
areas. Water samples were collected from the installed 
monitoring wells and the up-, mid- and down-stream 
sections of the creek. Soil samples were taken from the 
barrier and the stream bank on both the field-side and 
stream-side of the barrier. The second sampling cam- 
paign was carried out in July, 2009.  
 
3.2. Initial Monitoring Results 
 
3.2.1. Soil Aluminum 
The primary design objectives of RS2 are to stabilize the 
stream bank, minimize bank erosion, and reduce phos- 
phorus and nitrogen loads through the reactive barrier 
that contains aluminum to adsorb phosphorus and or- 
ganic matter for facilitating denitrification. To achieve 
these design objectives, 20% (by volume) of alum (1.7 
weight % aluminum) and 19% (by volume) of mulch as 
organic matter were added in the reactive barrier with the 
bank soils. As shown in Figure 4, aluminum in the reac- 
tive barrier is five to ten times greater than the surround- 
ing area and is significantly greater than the control area 
(p < 0.05). The mean concentration of aluminum in the 
reactive barrier is 2.1 mg/g (Coefficient of Variance = 
0.49) whereas the mean concentrations in the adjacent 
field and bank are 0.67 and 0.46 mg/g and the concentra-  

 

Figure 4. Concentrations (mg/g) of total aluminum in RS2 
study area (error bars indicate 95% confidence intervals). 
 
tion in the control area was measured to be 0.53 mg/g. 
This compares with the design objective, based on lab- 
scale experiments of 1.7%. 
 
3.2.2. Soil Phosphorus  
It can be expected that the concentration of phosphorus 
will decrease with the bank elevation when the stream 
bank is stable. As shown in Figure 5, the amount of total 
soil P tends to be reduced significantly from the upper 
bank to the lower bank in the study area (p < 0.05) but it 
is increased in the control area (p = 0.05, statistically not 
significant). Since both the study and control areas have 
longitudinal stone toe bank stabilization, these results 
indicate that the reactive barrier has reduced the transport 
of P to the lower bank.  

Mehlich-3 P is the loosely bound, plant-available 
phosphorus in the soil. Results from this study show that 
Mehlich-3 P constitutes only 10 to 20 percent of TP in 
the soil however it is a significant fraction of P since it is  
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(a) 

 

 
(b) 

Figure 5. Concentrations (μg/g) of soil TP in (a) RS2 study 
area and in (b) control area (error bars indicate 95% con-
fidence intervals). (a) RS2 study area; (b) Control area. 
 
bioavailable and can lead to eutrophication when present 
in excess. The mean of Mehlich-3 P of the field side 
from the reactive barrier is 50 μg P/g soil as shown in 
Figure 6, a lower value than expected, although still in 
the optimum range for crop growth; 45 - 50 μg P/g soil 
[26]. As shown in this figure, Mehlich-3 P is signifi- 
cantly less in the lower bank relative to the barrier and 
upper bank (p < 0.05). Mehlich-3 phosphorus was re- 
duced from the field to the bank in the control area as 
well, but the range of the 95% confident interval is very 
wide and therefore more data is needed to draw a con- 
clusion. The results also show that Mehlich-3 P at the 
36-inch depth is 17 μg/g higher than at the 16-inch depth 
barrier (Figure 7). These results indicate that leaching of 
Mehlich-3 phosphorus may be occurring causing the 
higher concentration at the lower depth.  

The P results from Figures 5-7 are summarized in 
Table 1. Soil TP was reduced through the RS2 barrier by 
30% of the mean value from the field to the bank whe-
reas the concentration increased by 58% from field to 
bank in the control area. Concentrations of Mehlich-3  

 
(a) 

 

 
(b) 

Figure 6. Concentrations (μg/g) of Mehlich-3 P in (a) RS2 
study area and in (b) control area (error bars indicate 95% 
Confidence Intervals). (a) RS2 study area; (b) Control area. 
 

 

Figure 7. Concentrations (μg/g) of Mehlich-3 P in the two 
depths; 16 inches and 36 inches of the reactive barrier (er-
ror bars indicate 95% confidence intervals). 
 
phosphorus were significantly decreased by 55% of 
mean value from the field to the bank in the RS2 study 
area and in the control area as well. The sample size of 
the control area was not enough to confidently represent  
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mean concentration of phosphorus since the range of 
95% C.I. is too wide.  
 
3.2.3. Water Concentrations 
Concentrations of TP, DRP, TN, 3  and TOC were 
determined for the water samples collected from the six 
monitoring wells (Figure 8). The TOC concentration 
across the reactive barrier was significantly higher than 
the field area. As a result of adding garden mulch into 
the RS2 barrier, the concentration of TOC in the bank 
well was 590% greater than the TOC in the field well. 
TN and nitrate ( 3 ) concentrations showed 40 and 
51% reductions (statistically not significant) from 1.78 
and 0.95 mg/L to 1.14 and 0.47 mg/L through the reac- 
tive barrier, respectively. 

NO

NO

These results support one of the key design objectives 
of the RS2 structure, the addition of electron donating 
organic matter in the reactive zone and the associated 
denitrification of nitrate.  

DRP reduction in the monitoring wells (14%) was 
lower than the soil TP and Mehlich-3 P that were re- 
duced by 30% and 55%, respectively, across the barrier. 
The lower reduction in the aqueous phase likely is due to 

the relatively higher concentration of P in the solid phase 
(300 ppm versus <0.3 ppm aqueous) and the concen- 
trating effect of the RS2 barrier.  

In Figure 9, TOC decreased along the stream although 
organic matter was added in the barrier and the down- 
gradient monitoring wells showed elevated TOC levels. 
Therefore, it appears that the added TOC does not meas- 
urably impact the stream. 
 
Table 1. Soil TP and Mehlich-3 P reductions (%) in RS2 
structure (mean ± 95% C.I.) and significant levels of dif-
ference between upper and lower banks based on the paired 
t-test. 

TP (mg/g) Mehlich-3 P (mg/g) 
 

RS2 Control RS2 Control 

Upper bank 0.41 ± 0.13 0.39 ± 0.07 0.05 ± 0.01 0.09 ± 0.09

Lower bank 0.30 ± 0.08 0.62 ± 0.78 0.02 ± 0.01 0.04 ± 0.01

Reduction (%) 30 +58 55 55 

P (significant 
level) 

0.0001 0.5000 0.0088 0.1476 

 

   
(a)                                       (b)                                       (c) 

 

   
(d)                                      (e) 

Figure 8. Concentration of (a) TP, (b) DRP, (c) TN, (d) nitrate and (e) TOC in waters from monitoring wells in upper and 
ower banks (error bars indicate 95% confidence intervals). l   



J.-H. SON  ET  AL. 

Copyright © 2011 SciRes.                                                                               JWARP 

511
  

 

Figure 9. Concentrations (mg/L) of TOC in stream. 
 

From this study, the construction and design object- 
tives of RS2 appear to have been satisfied since alumi- 
num and TOC concentrations in the RS2 barrier were 
significantly higher than the adjacent areas (p < 0.05). 
Preliminary monitoring of nutrient-removal-efficiency of 
the RS2 barrier has provided promising results although 
more study is needed to draw significant conclusions. 
 
4. Conclusions 
 
Soil P losses from agriculture are one of the biggest 
sources of eutrophication in surface waters transport of P 
through subsurface flow cannot be ignored [5]. The RS2 
structure was developed to stabilize the stream bank, 
remove N and prevent P losses from agricultural lands. 
As it was designed, soils in the reactive barrier studied in 
this research contain substantially greater amounts of 
aluminum than the surrounding area and high concentra- 
tions of TOC to facilitate denitrification. At this point, P 
and N reductions are not as high as observations in field 
tests at CSU but it are still considerable. From this re- 
search, the design objectives of RS2 have been achieved 
and we expect continued improvement in removal effi- 
cacy. Therefore, RS2 should be seen as another P and N 
load reduction BMP that might be applicable for 
non-point source nutrient control.  
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