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Abstract 

A wetland buffer strip has been proposed for construction along the eastern edge of the 
Everglades to conserve water and to provide additional wetland habitat (CH2MHill, 1996).  
Potential water-quality impacts would result from diversion of urban and agricultural runoff into 
the buffer.  Existing buffer designs are based largely upon water-supply and hydroperiod 
targets.  Depth regimes differ markedly from those typically found in constructed wetlands 
designed for water-quality control.   

This report develops and demonstrates a model for integrating water-quality concerns with 
other project objectives and constraints.  The phosphorus-balance model used for designing 
Everglades Stormwater Treatment Areas is coupled with a model for estimating inflow and 
outflow seepage rates in buffer cells.  

The model is used to estimate wetland acreage required to treat discharges from the C11W 
basin for various sets of design assumptions and objectives.   Basin flows, consisting of a 
mixture of seepage from WCA-3 and runoff from the C11W watershed, are currently 
discharged into WCA-3A through the S9 pump station.  This  basin has a high priority from a 
water-quality perspective because it is one of the few locations along the East Coast where 
urban/agricultural runoff is currently back-pumped into the Everglades and the discharge is 
relatively close to Everglades National Park inflow structures. 

Historical monitoring data from S9 reveal a strong positive correlation between phosphorus 
concentration and daily flow.  Concentrations range from < 20 ppb at low flows to > 100 pp 
at high flows.  This pattern reflects varying mixtures of seepage and runoff under different flow 
conditions.  Capturing high flows would be an important design objective for a treatment 
system.  With planned watershed development, the flow-weighted-mean phosphorus 
concentration in the S9 discharge is projected to increase from ~23 ppb (1981-1991) to ~34 
ppb.   If significant reductions in WCA seepage into C11 are realized with construction of the 
East Coast Buffer Strip, the concentration would approach 50 ppb. 

Treatment area requirements ranging from 201 to 8486 acres are estimated for three water-
management scenarios, three wetland prototypes,  three target outflow concentrations, and 
two  locations (Tables 7 & 12).  Scenarios reflect different levels of seepage reduction, 
seepage/runoff separation, and discharge to the C11E basin.   Wetland prototypes reflect 
different biological communities with phosphorus settling rates ranging from 10 to 30 m/yr, 
increasing management requirements, and increasing design uncertainty.  Target outflow 
concentrations of 10, 20, and 30 ppb are considered.  

Election of specific design assumptions is beyond the scope of this report.  Nominal designs 
based upon extrapolation of performance data from the Everglades Nutrient Removal Project 
would require surface areas ranging from 1500 to 3700 acres to achieve a target 
concentration of 10 ppb, depending upon water management scenario and treatment area 
location.  Scenarios providing reductions in seepage, selective treatment of high flows, and/or 
treatment of runoff before it is diluted with seepage would have lower total area requirements 



 D R A F T 
 
than those treating all flows.  Because of differences in seepage rates and directions, treatment 
areas located north of C11W would have higher surface area requirements than areas located 
south of C11W, particularly for a target concentration of 10 ppb. Given the importance of 
treating peak flows and existing water-level constraints in the vicinity of the C11W buffer, 
hydraulic factors may have a large influence on the location and shape of the treatment area.   

Designs to achieve concentrations in the 10-30 ppb range with a constructed wetland are 
extrapolations based upon experience with constructed systems at higher concentrations and 
upon observed reductions in phosphorus achieved by natural (vs. constructed) communities in 
impacted regions of the Everglades.   Substantial research is needed to provide a basis for 
final design and implementation.  Such research is currently underway to support Phase II 
phosphorus-control efforts mandated by and State/Federal Settlement Agreement and the 
Everglades Forever Act (SFWMD & FDEP, 1996). 
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1.0 Introduction 

Significant volumes of water are lost from the Everglades Water Conservation Areas 
(WCA’s) and Everglades National Park (ENP) in the form of groundwater flow through and 
under levees along their eastern boundaries (SFWMD, 1993a).   These losses result from a 
combination of three factors: (1) relatively high water levels in the Everglades, required for 
purposes of wetland preservation and water storage; (2) relatively low water levels in coastal 
developed areas, required for drainage and flood protection; and (3) permeability of levees 
and soils.  To reduce these water losses and promote long-term restoration efforts, wetland 
buffer strips or “Water Preserve Areas”  (WPA’s) have been proposed for construction along 
the eastern boundary of the Everglades (CH2MHill, 1996).   Maintenance of higher water 
levels in the WPA’s  (vs. existing conditions) would flatten regional hydraulic gradients and 
thereby reduce levee seepage and groundwater flows.   Buffer water levels would be 
maintained by residual seepage and runoff pumped from local drainage canals.   Outflows 
from the buffer would include seepage to regional groundwater, seepage to the Everglades, 
and surface discharge to the Everglades.  

A preliminary design for the buffer strip is described by CH2MHill (1996).   The plan includes 
27 individual wetland cells (55,319 acres) clustered into 8 regional “Water Management Units 
“ (Figure 1).   Cells are designed to function as reservoirs (2,484 acres), marshes (27,038 
acres), or groundwater recharge areas (25,797 acres).    Reservoir and recharge cells have 
highly fluctuating water levels with a “working depth” of 4-feet.  Marsh cells are designed to 
provide shallow wetland habitat with seasonal water-level fluctuations similar to those found 
historically in WCA-3B (maximum water depth of ~1.5 feet in September-November and dry 
conditions in April and May).  

Diversion of urban and agricultural runoff  to maintain buffer water levels creates potential 
regional water-quality impacts.  Such impacts would depend upon the quantity and quality of 
inflows, the extent of treatment provided within the buffer, and the locations and magnitudes of 
surface and groundwater outflows.   Potential impacts of phosphorus are of particular 
concern.  While water-quality improvement has been described as a potential benefit, features 
required to provide this benefit have not been factored into existing buffer designs, which are 
based exclusively on water-supply and hydroperiod targets. This is reflected by the fact that 
depth regimes in cell types described above do not conform to typical design criteria for 
treatment wetlands (average depth of 2 feet, range 0.5 to 4 feet, Burns & McDonnell, 1994). 
  In areas where existing or projected inflow quality is sufficiently impacted by anthropogenic 
sources, it is likely that buffer designs will have to be modified to protect water quality in buffer 
discharge zones (i.e., to meet state and federal water quality standards). 

This report develops and demonstrates a methodology which can be used to evaluate and 
refine buffer designs from a stormwater treatment perspective.   A mass-balance model is 
developed for predicting phosphorus removal and resulting concentrations and loadings in 
surface and subsurface outflows.  The model is applied in a general sense to identify important 
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design features, controlling variables, and data/research needs.   Wetland treatment areas for 
the C11-West basin are subsequently sized using various sets of  design assumptions.  This 
rapidly-developing basin has high priority from a water-quality perspective because it is one of 
the few locations along the East Coast where urban/agricultural runoff is currently back-
pumped into the Everglades.  There is a need to address water-quality concerns in this basin, 
regardless of pathways taken in future development of the East Coast Buffer.   The 
methodology developed and demonstrated here provides a framework for factoring water-
quality objectives into buffer / treatment area designs for other basins. 

2.0  Model Development 

2.1 Phosphorus Balance Model 

Walker (1995) describes the development and calibration of a model for designing 
Stormwater Treatment Areas (STA’s) to treat runoff from the Everglades Agricultural Area  
(Burns & McDonnell, 1994).  The model consists of coupled water-balance and mass-
balance equations describing steady-state flow and phosphorus concentrations in a wetland 
under sheet-flow conditions (Figure 2, Table 1).  A longitudinal profile in flow and P 
concentration is established from the inflow to the outflow of the treatment area.  Seepage is 
expected to be an important hydrologic component of East Coast buffer areas (CH2MHill, 
1994, 1996).  Accordingly, the STA design model has been expanded to include terms for 
inflow and outflow seepage, assumed to be uniformly distributed over the treatment area 
(Kadlec & Knight, 1996). 

Seepage is assumed to leave the buffer water column at the longitudinally-averaged 
concentration (Cm, Table 1).   As the seepage moves through the soil, further reductions in 
concentration may occur as a result of filtration and other physical/chemical mechanisms 
operating in the soil matrix.  These mechanisms are represented by specifying a maximum 
value for the exit seepage concentration reaching the WCA and/or the seepage collection 
canal (Csmax).  If the average seepage concentration leaving the buffer is less than Csmax, the 
exit concentration is set equal to Cmax.  In this way, regional soils are not allowed to function 
as a net source of phosphorus; such a situation would not be possible under the steady-state 
conditions represented by the model.   Based upon data from the Everglades Nutrient 
Removal Project (SFWMD, 1996b) and C11 canal (see below), estimates of maximum 
seepage concentrations range from 10 to 20 ppb. 

2.2 Buffer Seepage Rates 

Table 2 summarizes equations for estimating seepage rates, based upon groundwater modeling 
performed by CH2MHill (1994) for buffer cells east of WCA-3B.   The buffer cell is assumed 
to be aligned in a north/south direction.   Seepage rates per mile of buffer length are calculated 
as a function of  buffer width and average water depth.   At a depth of 2 feet in the buffer cell 
(typical design for treatment wetland) and average WCA-3B stage, seepage would move out 
of the buffer to three locations (Figure 2): 



 D R A F T 
 

-3- 

1. To the WCA, west of the buffer. 

2. To a seepage collection canal, located immediately east of the buffer, and 

3. Under the seepage collection canal to an eastern boundary canal (assumed to 
represent groundwater recharge).  

For shallow buffer depths and/or high WCA elevations, there would be a net seepage from 
the WCA into the buffer cell.  In the schemes evaluated below, collected seepage is assumed 
to be pumped back to the inflow of the treatment cell.   If the collected seepage is found to be 
of acceptable water quality, discharging it to the WCA (or elsewhere) would tend to improve 
overall performance of the treatment cell. 

The model developed by CH2MHill (1994) represented buffer cells in Dade county east of 
WCA-3B with an average aquifer transmissivity of 1,216,000 ft2/day.   Based upon regional 
variations in transmissivity (Figure 3), lower seepage rates are expected in buffer cells further 
north.   An average transmissivity of 800,000 ft2/day is estimated for C11W buffer cells south 
of the C11 canal.  Seepage coefficients derived from CH2MHill results are multiplied by a 
scale factor of .66  (= 800 /1216) to reflect local conditions. 

Results indicate that total seepage out of  the C11W buffer would increase with buffer depth 
at rates ranging from 10 to 14 cfs/mile/ft for buffer widths between 1500 and 22,500 feet.   In 
comparison, the South Florida Regional Routing Model (Trimble, 1986) employs a levee 
seepage coefficient of 11 cfs/mile/ft for this region.   The coefficient for a buffer cell is 
expected to be higher than the value for a single levee because seepage from the buffer would 
occur in two directions (east & west).  Although these values appear to be consistent, seepage 
rates calculated by the model should be considered approximations.  Refined estimates based 
upon hydraulic studies would be needed to support specific treatment cell designs. 

The CH2MHill model was derived with a buffer ground elevation of 6.0 feet and WCA-3B 
water elevation of 6.5 feet (historical average).   With future changes in water management 
(including the buffer strip), WCA-3B stage is expected to increase.   Results from Version 2.1 
of the South Florida Water Management Model (SFWMM, MacVikar et al., 1983) indicate 
an increase in average stage from 6.3 feet (Future Base Run) to 7.3 feet (East Cost Buffer / 
Alternative 5, SFWMD, 1996a).    Seepage rates are adjusted for differences in WCA stage 
using the equation given in Table 2. 

Figure 4 shows predicted seepage rates in each direction as a function of buffer depth for a 
width of 0.5 miles and a WCA-3B stage of 7.3 feet.   Corresponding total inflow and total 
outflow seepage velocities used in the phosphorus balance model (Table 1) are also shown.  
Net seepage into the buffer would occur at operating depths less than 0.6 feet.   For a depth 
of 2 feet (typical design for treatment wetlands), the model predicts an inflow seepage velocity 
of 0 m/yr and an outflow seepage velocities of 10.5 m/yr (41% to WCA, 32% to collection 
canal, and 27% recharge).  For a depth of 0.5 feet (typical of  wetland cells in the East Coast 
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buffer), the model predicts an inflow seepage rate of 4.5 m/yr from the WCA and an outflow 
seepage rate of  3.9 m/yr (49% to collection canal and 51% recharge). 

2.3 Phosphorus Removal Mechanisms 

The predominant mechanisms for phosphorus removal represented by the mass-balance 
model are: 

1. Uptake by wetland plants and subsequent accretion in soils, represented by the 
settling velocity (K, m/yr) 

2. Seepage from the wetland, represented by the outflow seepage velocity (Uo, m/yr) 

The outflow seepage velocity calculated above for a treatment cell (10.5 m/yr) is nearly 
identical to the settling velocity (10.2 m/yr) used for designing STA’s (Walker, 1995).  
Therefore, seepage is expected to be an important phosphorus removal in buffer cells 
designed for treatment purposes.   Phosphorus removal via seepage is not a free lunch, 
however, because:  

1. A portion of the seepage is collected and pumped back into the treatment area. 

2. Depending upon location, flow magnitude, and water quality, seepage from the buffer 
to the WCA or to regional aquifers may have undesirable impacts. 

3. Excessive seepage rates may make it difficult to maintain wet conditions in the buffer, 
a condition which is desirable for controlling peat oxidation and subsequent recycling 
of stored phosphorus. 

STA’s  have been designed with average inflow hydraulic loads (flow per unit area) ranging 
from 6-14 m/yr (Burns &McDonnell, 1994).   Since these rates are similar to the predicted 
outflow seepage velocity,  treatment cells designed with similar hydraulic loads would have 
little or no surface discharge.   In a treatment cell operating as a retention basin (no surface 
discharge), the average water depth would adjust so that the outflow seepage rate would 
equal the net inflow rate (inflow + rainfall - evapotranspiration).   Water loads higher then 6-
14 m/yr would be needed to maintain water levels in the 0.5-4 foot range desired for 
treatment.    

3.0 The C11-West Basin 

3.1  Watershed & Hydrology 

The 51,840-acre C11-West basin is located in south central Broward County southwest of 
Ft. Lauderdale and east of WCA’s 3A and 3B (Figure 5).   Outflows from the basin occur via 
the C11 canal and consist a mixture of seepage from WCA-3A & 3B and runoff and 
groundwater flows from the local watershed.   Most of the outflow is pumped west into 
WCA-3A through the S9 pump station.   The remainder is discharged to the C11-East basin 
through gated culverts at S13A.   
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The S9 pump station has a capacity of 2,870 cfs,  which includes 1,650 cfs (3/4 in/day) for 
flood control and 1,220 cfs for seepage control (SFWMD, 1995).    Flows are released 
through the S13A gated culvert (capacity 120 cfs) primarily during low-flow periods for water 
supply and salinity control in the C11-East basin.   Monthly flows at  S9 and S13A are plotted 
in Figure 6.  In Water Years 1979-1995, the annual average discharge through S9 was 157 
kac-ft/yr (range 73 - 219 kac-ft/yr).   In WY 1991-1995, when discharge through S13A was 
also measured, the average flow through S9 was 227 kac-ft/yr and the average flow through 
S13A was 15 kac-ft/yr. 

Most of the canals in the basin are cut into limestone that lies below marl and organic soil 
layers (Waller, 1978).   The porosity of the limestone facilitates rapid movement of water 
between the aquifer and the canals.   The canals intercept levee seepage and groundwater 
flow from the WCA's, as well as infiltration and surface runoff from the local watershed.   
Rapid depression and recovery in canal and regional groundwater levels have been observed 
during and following pumping events at S9, when C11  elevation typically drops from 4 to 0 
feet msl (Freiberger, 1973; Waller, 1978).   Water quality in the canal is likely to be strongly 
influenced groundwater inflows and exchanges, which provide both dilution and partial 
removal (via filtration and other physical/chemical mechanisms) of contaminants typically found 
in runoff from developed areas (e.g., suspended solids, nutrients, trace metals).  

Under current Everglades Restoration activities, the C11W basin has a high priority from a 
water-quality control perspective because it one of the few locations along the East Coast 
where urban/agricultural runoff is pumped directly into the Everglades.   This practice creates 
potential water-quality impacts in WCA-3A, particularly near the S9 discharge.   Hydraulic 
features in WCA-3A may facilitate transport of flows discharged from the S9 pump station to 
ENP Shark Slough inflow structures along Tamiami Trail.   

Concerns about development impacts on water quality were expressed in early studies of the 
basin by the USGS (Freiberger, 1973; Waller, 1978).  Waller (1978) reported that C11W 
watershed was largely undeveloped in the early 1970’s (except for some cattle ranches and 
citrus groves), but was receiving increasing development pressure.  Urban land uses are 
projected to increase from 46% in 1994 to 79% in 2010 (SFWMD, unpublished GIS data).  
 With future increases in urban runoff (resulting from development) and future decreases in 
seepage (resulting from construction of the buffer strip), water quality in the C11 canal may 
deteriorate.   

The water-quality impacts of existing and future developments depend upon the extent to 
which they promote surface runoff (vs. infiltration) into C11 and/or its secondary canals.   
Impacts are controlled to some extent by onsite BMP’s (e.g., detention basins, retention 
basins, swales).   Such control occurs incidentally, however, because existing stormwater 
regulations and BMP design criteria (Whalen & McCullum, 1988; SFWMD, 1993b) focus 
primarily on hydrologic features and are not optimized for water-quality control.   For 
example, the regulations provide an incentive for using dry detention basins (without 
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permanent pools) in place of wet detention basis (with permanent pools).  The latter have 
been shown to provide substantially higher removal efficiencies for phosphorus and other 
stormwater pollutants (Schueler, 1987; Walker, 1987).   

A need for tighter watershed controls is supported by the author’s observation of a marked 
turbidity plume in the C11 canal downstream of lateral inflows (Figure 7).  Although this report 
focuses on  “end-of-pipe” treatment strategies, there may be considerable potential for 
applying water-quality-control measures at strategic locations within the watershed. 

3.2 Historical Water Quality 

Water quality studies by the USGS (Freiberg, 1973; Waller, 1978) describe conditions in the 
early 1970's, when the basin was largely undeveloped.   Elevated ammonia levels (average 
0.38 mg/liter) and depressed dissolved oxygen levels (minimum < 1 mg/liter) were observed 
upstream and downstream of the S9 pump station during pumping events.  These 
characteristics are typical of canals strongly influenced by groundwater.   Nutrient 
concentrations were "generally low".   

Mass-balance calculations summarized by Waller(1978) for October 1973-December 1975 
indicate the following flow-weighted-mean concentrations (ppb) at three locations on the C11 
Canal (Figure 5): 

 
Location 

 
Ortho-PO4 

 
Inorganic N  

S9 
 

5 
 

21  
US-27 

 
5 

 
29  

Flamingo Road 
 

20 
 

481 
 

Waller attributed the higher concentrations at Flamingo Road  to agricultural land use in the 
eastern portion of the watershed and the lower concentrations at the western stations to less 
intensive land use and greater influence of groundwater flows. 

Total phosphorus concentrations measured by SFWMD at the S9 pump station between 
1979 and 1996 are plotted against time and flow in  Figure 8.  The average concentration for 
the whole period was 17.8 ± 0.9 ppb.  Averages were 14.5 ± 1.8 ppb in 1979-1980, 20.8 ± 
1.3 ppb in 1981-1991, and 13.0 ± 0.8 ppb in 1992-1996.   Averages were significantly 
higher in the middle years.  Interpretation of this time series is complicated by the fact that 
concentration is strongly correlated with flow (Figure 8, middle) and high flow events (>750 
cfs) were not sampled after 1991 (Figure 8, bottom). 

Figure 9 shows S9 daily flows over the same period.  Symbols indicate dates when grab 
samples were collected.   While reasonable sample coverage of peak-flow periods is evident 
between 1981 and 1991, coverage is relatively poor in the earlier and later portions of the 
record.  Because of this deficiency, concentration data from 1992-1996 may not be 
representative of recent S9 discharges.   
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Phosphorus data collected at S9 by the Broward County of Natural Resource Protection 
(BCDRN) between 1983 and 1996 have also been examined.    These data are generally 
consistent with SFMWD results.  Mixing of the two data sets to increase sample intensity is 
not advised because of a higher detection limit in the BCDRN data (20 vs. 4 ppb). 

Given the intermittent nature of pumping events at S9, it is difficult to obtain representative 
samples for calculation of phosphorus loads or flow-weighted-mean concentrations using a 
biweekly sampling program.  Although the SFWMD historical data provide reasonable 
perspectives on water quality in the C11 canal, they provide limited  information on 
concentrations and loads being back-pumped into the Everglades, particularly in the past 5 
years.  Continuous, flow-weighted composite sampling has been initiated recently at S9 to 
obtain more representative samples in the future.   

The flow-weighted-mean phosphorus concentration in the S9 discharge for the 1981-1990 
period (when sampled flows were most representative) is estimated at 23 ± 2 ppb.   The 
correlation between concentration and flow and the low frequency distribution of daily flows 
have been factored into the estimate using the FLUX program (Walker, 1987a).   This value 
may not be representative of existing conditions, however, because of recent watershed 
development. 

The strong correlation between concentration and flow has important implications for design of 
a treatment system because it suggests that collection and treatment of peak discharges will be 
very important.    This correlation may reflect dominance of runoff from the watershed at high 
flows and dominance of seepage and infiltrated rainfall at low flows.  

Figure 10 shows cumulative frequency distributions for flow and phosphorus load at the S9 
pump station.    The frequency distribution of daily loads has been developed by fitting a 
polynomial regression to the historical concentration vs. flow relationship at S9 (Figure 8) and 
applying the equation to the measured daily flow time series for Water Years 1979-1995.   
The importance of high flow regimes is illustrated by the fact that flows above 900 cfs occur 
only 5% if the time, but account for 23% and the total flow volume and 50% of the total load. 

The S9 pump station is typically operated to maintain the C11 canal upstream of the pump at 
an elevation of 4 feet.   When elevation exceeds this level, the pump is activated and the canal 
is drawn down to a minimum elevation of 0 feet.   It is possible that this practice contributes to 
concentration spikes by causing scouring of canal bottom sediments and/or drawing more flow 
from the eastern portions of the basin as the water level is dropped.  The potential for reducing 
the frequency and severity of concentration spikes by modifying pumping practices within 
acceptable flood-control constraints should be investigated. 

Bechtel & Hill (1996) analyzed SFWMD S9 water quality data for excursions from Florida’s 
Class III water quality standards.   Typical of canal waters in this region, dissolved oxygen 
concentration was below the 5 mg/l criterion in  a high percentage (>90%) of the samples.   
Turbidity exceeded the 30 ntu criterion in 7 out of 255 samples.  Free ammonia exceeded the 
0.02 mg/liter criterion in 2 out of 246 samples.  Total iron exceeded the 1 mg/liter criterion in 



 D R A F T 
 

-8- 

1 out of 52 samples.  No excursions were observed for heavy metals (Zinc, Cadmium, 
Copper, and Lead).   Because metals have been analyzed less frequently (quarterly since 
~1983), SFWMD historical data from S9 includes only 15 samples collected on days in 
which S9 was operating.  

Bechtel & Hill (1996) also report detection frequencies for 16 pesticides obtained from ~70 
grab samples collected at S9.   Eight pesticides were not detected and four pesticides were 
detected once.    Pesticides detected more than once included 2,4D (5 detections out of 69 
samples),  Atrazine (13 / 68) , Diuron ( 5 / 64), and Hexazinone (3 / 5).   These compounds 
and detection frequencies are not a-typical of those found at other inflow points to the 
Everglades (Bechtel & Hill, 1996).   Table 3 lists detected pesticide concentrations at S9, as 
derived from an updated version of the data base analyzed by Bechtel & Hill.    

The presence of pestices is typically traced to agricultural and urban land uses in the basin.   
The presence of these substances in the C11 canal does not necessarily indicate that they are 
impacting biological communities in the S9 discharge zone or elsewhere in WCA-3A.   The 
compounds can have widely different fates, toxicities, and analytical resolutions.  While there is 
insufficient information to evaluate the significance of pesticide detections at the present time, 
further investigation is warranted. 

3.3 Existing Buffer Design 

In Phase 3B of the East Coast Buffer Feasibility Study (CH2MHill, 1996),  Water 
Management Unit No. 4 was designated for handling flows from the C11W basin (Figure 11). 
  This Unit would consist of one reservoir and six wetland cells located at the western edge of 
the basin, south of the C11 canal.   Cells would be bordered on the west by WCA-3B and on 
the east by the C11W watershed.  Additional buffer cells north of the C11 canal and adjacent 
to WCA-3A were designated for handling flows from the North New River Canal. 

Flows would be diverted from the C11 canal into Cell 12 (832 acres) through a pump station 
with a capacity of 147 cfs.   Cell 12 would be operated as a storage reservoir with a 
maximum  depth of 4 feet.  Cell 12 would discharge into Cells 13-18 (2,899 acres), which 
would be managed as shallow marshes, with average monthly water depths ranging from 0 
feet in April-May to ~0.5 feet in July.   Marsh depth regimes were designed to mimic WCA-
3B and provide desired wetland habitat. The cell configuration and design water-levels also 
reflect constraints imposed by US-27, which forms the eastern boundary of Cells 12-14, a 
power station between Cells 12 and 13, and a trailer park between Cells 13 and 14. 

The plan was essentially designed to capture flows which were formerly discharged through 
S13A and pump them into the buffer.   Outflows from the buffer would include surface 
discharge into WCA-3B (47.5 kac-ft/yr) and groundwater recharge (29.3 kac-ft/yr).  This 
plan would not be expected to provide significant water-quality-control benefits for the 
following reasons: 
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1. Only ~37% of the total basin flow would be treated.  Flows through S9 would be 
unchanged. 

2. Flows above the buffer inflow pump capacity (147 cfs) would be discharged through 
S9.  As indicated in Figure 8,  these flows would be likely to contain the highest 
phosphorus concentrations. 

3. Average water depths in buffer marsh cells (0-.5 feet) would be below the desired 
range for stormwater treatment (0.5 - 4 feet).  

These conclusions are consistent with the fact that the plan was not designed for water-quality 
control purposes.   

4.0  Design Basis for Treatment Areas 

Preliminary designs for wetland treatment systems to remove phosphorus from the S9 
discharge are developed below for a range of assumptions.  Despite potential impacts of 
substances other than phosphorus in the S9 discharge, an initial focus on phosphorus is 
justified for the following reasons: 

1. Phosphorus impacts on the Everglades have been demonstrated and reductions of 
anthropogenic phosphorus loads have been mandated  (e.g., State/Federal Settlement 
Agreement, 1991;  Everglades Forever Act, State of Florida, 1994). 

2. Sufficient information is available to support designs with reasonably predictable 
performance; and 

3. Wetland treatment systems designed for phosphorus removal are often effective at 
removing suspended solids and other runoff contaminants, especially those associated 
with the particulate fraction, and including pesticides such as atrazine (Kadlec & 
Knight, 1996).   As discussed above, excursions from Class III criteria for turbidity 
and free ammonia have been observed historically at S9.  ENR monitoring data 
indicate >80% reductions and consistent compliance with Class III criteria in the 
outflow for both of these parameters. 

Alternative design assumptions regarding inflow volumes and loads, basin water management, 
wetland prototypes, and target outflow concentrations are described below.  Corresponding 
treatment area requirements are described in the next section. 
 
4.1  Projection of Future Flows & Phosphorus Loads  

The measured flow-weighted concentration of 23 ppb at S9 between 1981 and 1991 the 
reflects basin runoff and WCA seepage which occurred during that period.  As discussed 
above, this concentration is not likely to reflect current and future conditions, given  recent and 
projected development of the watershed.   Results from Version 2.1 of South Florida Water 
Management Model (SFWMM) and other data are used below to estimate flows and loads 
for a developed basin. 
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The following water-balance and phosphorus-balance equations represent inflows to the C11 
canal: 

Qrunoff + Qseepage = Qtotal 

Qrunoff Crunoff + Qseepage Cseepage = Qtotal Ctotal 

The flow terms (Q) are expressed in 1000 acre-ft/yr and the concentration terms (C) are in 
parts per billion. 

The “runoff” term of the water balance represents the sum of surface runoff and rainfall which 
infiltrates the soil and is eventually collected by primary or secondary canals. This is estimated 
based upon the difference between average rainfall and average evapotranspiration rates over 
the 51,840-acre watershed.    SFWMM input files and contour maps given by MacVikar 
(1983) indicate an average rainfall value of ~52 inches/year for the C11W basin.   The Lower 
East Cost Regional Water Supply Plan (SFWMD, 1993a) indicates an average 
evapotranspiration rate of  25 inches/year over developed areas.   This yields an estimate of 
27 inches/year or 116.6 kac-ft/yr for Qrunoff.  

The following table lists average flows from three SFWMM runs in kac-ft/yr: 
 
SFWMM 
Version 2.1 

 
Current-Base 

(1988)

 
Future-Base 

(2010) 

 
East Coast 

Buffer (2010)  
S9 

 
130.5

 
144.8 

 
124.5  

S13A 
 

67.7
 

65.3 
 

64.5  
Total 

 
198.2

 
210.1 

 
189.0 

 

These values reflect 1965-1990 climatologic conditions.  Future-Base results are used to 
estimate Qtotal (210.1 kac-ft/yr).  Potential inflow to the treatment area is assumed to equal 
that which would otherwise be discharged through S9 (144.8 kac-ft/yr).   This may be a 
conservative estimate, based upon comparison with ECB results  (124.5 kac-ft/yr, S9 + 
Buffer Reservoir Inflow).  The average measured S9 discharge in Water Years 1979-1995 
(157.2 kac-ft/yr) exceeded SFWMM results.  Differences may reflect the fact that average 
rainfall at S9 was about 2.5 inches/year higher in 1979-1995, as compared with 1965-1990. 

The difference between Qtotal and Qrunoff  (210.1 - 116.6 = 93.5 kac-ft/yr) is assumed to 
represent seepage from WCA-3A/B into the C11W basin.    This result is in good agreement 
with the sum of levee seepage (47.5 kac-ft/yr) and net groundwater inflows (46.2 kac-ft/yr) 
across the western boundary of the basin, as derived from SFWMM Future Base results.   
Net groundwater inflows are estimated based upon the reduction in total groundwater flow 
occurring within the first 2 miles (59.2 - 12.9 kac-ft/yr).   Based upon these results, inflows to 
the C11 canal would consist of 44% seepage and 56% runoff. 

The phosphorus concentration in watershed runoff (Crunoff) is assumed to equal the average 
concentration measured in the C11 canal at the eastern end of the watershed (near S13A) by 
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the Broward County Department of Natural Resource Protection between 1983 and 1996.   
This concentration (54 ± 13 ppb) is below the 200-500 ppb range typical of urban runoff in 
South Florida (Whalen and McCullum, 1988).  The difference presumably reflects the 
combined influences of dilution by infiltrated rainfall and phosphorus reductions occurring in 
onsite retention/detention ponds and other BMP’s within the watershed.  

The phosphorus concentration in WCA seepage (Cseepage) is estimated at 10 ppb.  This has 
been derived from samples collected by SFWMD at S9 on days when all of the following 
conditions are met: 

1. No rainfall in previous 7 days at S9 pump station 

2. No flow through S9 

3. Positive flow through S9XN or S9XS, which release seepage from the north (Levee 37) 
and south (Levee 33) into C11 

Under these conditions, it is assumed that seepage would account for most of the canal water 
in the vicinity of the S9 pump station.   

For phosphorus concentrations of 54 ppb in runoff and 10 ppb in seepage and for a seepage 
volume fraction of 44%, a flow-weighted-mean concentration of 34 ppb is estimated for the 
combined inflows to the C11W canal under future conditions.   Treatment of all flows which 
would otherwise be discharged through S9 would require a design inflow 144.8 kac-ft/yr at an 
average concentration of 34 ppb.   Relative to the measured concentration of 23 ppb in 1981-
1990, this represents a 48% increase in total concentration.   Subtracting a “background” 
concentration of 10 ppb, a 85% increase in  “anthropogenic” phosphorus is indicated. 

The above estimates should be refined before developing a detailed design for treating basin 
flows.  The computations rely heavily on the assumed runoff concentration (54 ppb), which 
has a relatively high standard error (13 ppb).  Better estimates of runoff concentrations and 
loads could be developed from (1) future direct measurements of flow and phosphorus 
concentrations in secondary canals and groundwater; and (2) a more detailed watershed 
modeling effort, which would predict surface runoff and groundwater flows and loads from 
each contributing area.  Existing hydrologic models of the basin (PBS&J, 1989) may provide 
a starting point for such analyses. 

4.2 Water Management Scenarios 

Inflow volumes and concentrations may be influenced by future changes in water management. 
  For example, construction of the East Coast Buffer strip would be expected to decrease 
groundwater inflows to the basin.   Results from the SFWMM ECB run indicate that levee 
seepage and groundwater flows from the WCA’s would be reduced from 93.7 kac-ft/yr  to  
< 32 kac-ft/yr.   This would have the effect of reducing the volume and increasing the 
concentration to be treated.   In addition, flows through S13A may be lower than those 
predicted by SFWMM.  In Water Years 1992-1995 measured flows accounted for <1 to 
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13% of the C11W canal outflow.   Corresponding percentages derived from SFWMM flows 
are 31% (Future-Base) and 34% (ECB).    

Three water management scenarios have been devised to reflect a range of alternatives: 

1. Future Base.  Treat all flows which would otherwise occur through S9, based upon 
SFWMM Future Base.  (Flow = 144.8 kac-ft/yr, Load = 8,920 kg/yr, Concentration 
= 34 ppb) 

2. EC Buffer.  WCA inflow seepage reduced from 93.7 to 20 kac-ft/yr.   Flow through 
S13A derived from SFWMM ECB.  (Flow = 72.1 kac-ft/yr, Load = 4233 kg/yr, 
Concentration = 48 ppb) 

3. EC Buffer without S13A Discharge.   WCA inflow seepage reduced from 93.7 to 20 
kac-ft/yr.   S13A flow set to zero.   Extreme case of water conservation.  (Flow = 
136.6 kac-ft/yr, Load = 8022 kg/yr, Concentration = 48 ppb) 

Water and mass balances for each scenario are summarized in Table 4. 

Even if reductions in WCA seepage were not realized, treatment volumes and loads similar to 
Scenarios 2 & 3 might be achieved by  selectively treating high flows and discharging low 
flows (generally containing lower phosphorus concentrations) through S9.   Discharging 50 
kac-ft/yr through S9 under low-flow conditions at a concentration of 10 ppb would have the 
same effect on treatment requirements as reducing WCA inflow seepage by 50 kac-ft/yr.  

4.3  Wetland Prototypes 

The most important design assumption for sizing a treatment area is the selection of a value for 
the phosphorus settling rate.   Table 5 describes four wetland prototypes corresponding to the 
following range in settling rates: 

 
Prototype 

 
Setting Rate (m/yr) 

 
STA  

 
10.2 

 
ENR 

 
20 

 
WCA-2A/South  

 
30 

 
Periphyton STA  

 
60 

This list reflects decreasing land requirements but increasing levels of uncertainty, design risk, 
and probable maintenance costs.   It also reflects a gradient in dominant vegetation types and 
mechanisms from a macrophyte / peat-based community to a periphyton / marl-based or 
peat-based community.   Based upon observations made in laboratory microcosms  and 
natural communities (e.g., Everglades transects), periphyton-based communities may have a 
greater chance of achieving target outflow concentrations below 10 ppb.   Substantial research 
is needed, however,  to develop an adequate basis for predicting the feasibility, longevity, and 
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maintenance requirements of a Periphyton-based treatment system (PSTA)  (Kadlec & 
Walker, 1996).  

Although experience with macrophyte/peat based treatment systems does not include 
concentrations below 20-30 ppb, the lower concentration limit of such systems is unknown.   
If sufficient area is provided, it is possible that the downstream ends of macrophyte-based 
areas would “evolve” (with or without intervention) into periphyton-based communities which 
would be capable of achieving very low P concentrations.  This evolution would depend upon 
threshold effects, antecedent conditions, hydrologic conditions, and time scale in ways which 
are not yet understood, but are the subject of ongoing research (SFWMD & FDEP, 1996). 

In the following section, treatment areas are sized using settling rates of 10.2, 20, and 30 m/yr. 
  Although a Periphyton STA might be operated at very high settling rates under certain 
conditions, it is anticipated that such a design would involve considerable redundancy (extra 
area) to allow periodic maintenance (Kadlec & Walker, 1996).   In this case, the effective 
settling rate might decrease to 30 m/yr or lower.  The 30 m/yr rate (estimated from 
phosphorus gradients in the central and southern portions of WCA-2A) is intend to reflect the 
PSTA concept. 

4.4 Target Phosphorus Concentrations 

The target outflow concentration is another key design variable.   Target concentrations of 30, 
20, and 10 ppb are considered.   Concentrations of 20-30 ppb are at the lower limit of 
demonstrated technology (e.g., operating wetland treatment systems).   Regardless of the 
performance assumption (settling rate), designs to achieve 10 ppb are extrapolations of the 
model and engineering experience.   Although the design model reproduces observed 
phosphorus gradients in natural communities down to levels below 10 ppb (Walker, 
1995;1996), concentrations in this range have not been consistently observed in constructed 
systems.   
The average outflow concentration from the Everglades Nutrient Removal project after 29 
months of operation (August 1994-November 1996, 23 ppb) is near the lower limit of 
demonstrated technology.   There is some risk that the low outflow concentration and high 
apparent settling rate (~20 m/yr) are inflated by startup phenomena and/or un-quantified 
outflow seepage rates.  Although vegetation patterns are still evolving in the ENR, there is no 
evidence of a net decline in phosphorus removal efficiency over the 29-month operating 
period.   Boney Marsh, a treatment wetland located in the floodplain of the Kissimee River, 
achieved a similar average outflow concentration (21 ppb) over an 11-year period with an 
average inflow concentration of 50 ppb and settling rate of 13 m/yr (Kadlec & Newman, 
1992). 

It is assumed that each target concentration would be applied to the surface discharge from 
the treatment area.   The model also predicts concentrations and loads in seepage from the 
treatment area to the adjacent WCA.  A maximum seepage concentration of 20 ppb is 
assumed.  This assumption may be conservative (too high), based upon the fact that 
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concentrations at S9 are typically around 10 ppb under low-flow conditions, when canal 
waters are comprised primary of seepage  (Figure 8).   Although area estimates are derived 
based upon surface outflow concentration, resulting concentrations and loads in the combined 
surface and seepage discharges to the WCA are also presented. 

 

5.0  Design Results 

Wetland surface areas required to treat discharges from the C11-W basin are estimated  
below for various water-management scenarios and design assumptions.   Treatment areas are 
initially assumed to be located  adjacent to WCA-3B in the vicinity of Water Management 
Unit 4 (Figures 1 & 11).  Cell surface areas and depths  represented in the existing buffer plan 
(CH2MHill, 1996) are not taken as constraints.   An alternative location adjacent to WCA-
3A in WMU 3 is examined.   Hydraulic factors, which may have a large influence on actual 
design dimensions and locations, are discussed in the next section.    

Iterative application of the model (Table 1) permits estimation of the treatment area required 
to meet a target outflow concentration, given estimates of inflow volume, inflow load, and 
other model input variables.   Figure 12 illustrates the formulation of water and phosphorus 
balances for the basin and treatment area.  Alternative water management scenarios, wetland 
prototypes, and target concentrations are developed in the previous section.   Values and 
bases for the remaining model input variables are listed in Table 6.  

Figure 13 plots water-balance and phosphorus-balance terms against treatment area for water 
management scenario 1 and a settling rate of 20 m/yr.  Surface and seepage flows to the 
WCA are shown, along with other primary input and output terms of the wetland water and 
phosphorus budgets.  As the treatment area increases from 500 to 5000 acres,  surface 
outflow decreases and seepage outflow increases.  They are of equal magnitude at an area of 
~2500 acres.   Retention of all flows (zero surface discharge) would require ~6000 acres at 
this operating depth (2 feet). 

Surface outflow concentrations decrease from 30 ppb at 500 acres to 7 ppb at 5000 acres.  
The average concentration in the total discharge to the WCA (surface + seepage) tracks the 
surface discharge concentration between 500 and 2500 acres, but levels off at 16 ppb with 
further increases in area.   This response reflects the increasing importance of seepage and the 
assumed maximum seepage concentration of 20 ppb.   

5.1  Area Requirements vs. Design Assumptions   

Table 7 lists areas required to achieve target concentrations of 30, 20, and 10 ppb for each 
water management scenario and wetland prototype.  Over the range of assumed settling rates, 
area requirements for achieving a 10 ppb outflow concentration range from 1717 to 4713 
acres for scenario 1, 1029 to 2357 acres for scenario 2, and 1949 to 4467 acres for scenario 
3.  Surface outflow concentrations are plotted against surface area and wetland prototype for 
each water management scenario in Figures 14-16. 
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Area requirements depend strongly on the assumed scenario and prototype.  Area should not 
be interpreted as relative indicator of overall cost because of each scenario and prototype 
would involve different capital and operating costs.  The lower area requirements for scenario 
2 primarily reflect the lower volume treated (~50% of that treated under scenario 1).   
Reductions in volume and treatment area similar to or greater than those represented in 
Scenario 2 could be achieved by  combinations of the following: 

1. Reductions in seepage from WCA-3 into C11 resulting from construction of the buffer 
strip; 

2. Selective treatment of higher flows at S9; and 

3. Location of one or more treatment sites upstream in the watershed, where surface 
runoff could be captured and treated before it is diluted by seepage. 

The last measure would be equivalent to promoting application of onsite BMP’s.   

Scenario 3 has the highest area requirements because it assumes that no flows are discharged 
to the C11 East basin through S13A.  Based upon comparison of S13A flows predicted by 
the SFWMM Future-Base and East Cost Buffer runs (65.3 vs. 64.3 kac-ft/yr), zero 
discharge through S13A may not be realistic.  This scenario is intended to reflect an extreme 
case of water conservation. 

5.2 Nominal Designs  

Recommendation of  a specific design basis (especially, unique values for settling rate and 
target concentration) is beyond the scope of this report.    Results are presented above for 
various sets of design assumptions.  To demonstrate the methodology and to provide a starting 
point for discussion, “nominal designs” based upon a settling rate of 20 m/yr and target 
concentration of 10 ppb are evaluated in greater detail below.   Essentially, these designs 
extrapolate the settling rate measured in the ENR project over a concentration range of 120 to 
23 ppb down to 10 ppb.   Results (in terms of surface area) are similar to those obtained with 
a settling rate of 10 m/yr and target of 20 ppb.  Designs to achieve concentrations in this range 
are extrapolations of current information and substantial research would be needed to provide 
a basis for final design and implementation.   
 
Nominal designs would involve areas of  2500, 1460, and 2760 acres, for water management 
scenarios 1, 2, & 3,  respectively.  Water and mass balance for these designs are listed in 
Tables 8, 9, and 10, respectively.  These areas can be compared with the total area of Water 
Management Unit 4 (3336 acres, Cells 12-18, Figures 1& 11).   Areas required to achieve 
20 ppb with the same settling rate are 46 to 59% of those required to achieve 10 ppb.  

Table 11 shows the performance of nominal designs for each scenario as a function of the 
“actual” settling rate (i.e., that which actually occurs after the project is constructed).   This 
demonstrates sensitivity of  performance to errors in the design assumption.   Performance is 
measured by outflow concentration and load reduction for surface and total discharges to the 
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WCA.   For example, if a settling rate of 10 m/yr were realized instead of the design rate of 
20 m/yr, the outflow concentration for scenario 1 would be 18 ppb instead of 10 ppb and the 
surface load reduction would be 69% instead of 83%.    

5.3  Sensitivity Analysis 

Figure 17 illustrates the sensitivity of predicted outflow concentration to variations in model 
input variables for scenario 1.   Sensitivity is expressed as the change in predicted 
concentration resulting from a 10% increase in each input variable.   Sensitivity rankings are 
summarized as follows: 

High:   Surface Area, Settling Rate, Runoff Volume 

Medium:  Depth, Transmissivity, Width, S13A Flow, WCA Seepage, Runoff Conc 

Low:   Rainfall, ET, Rainfall ET Conc., Seepage Conc., Seepage Recycle  

The importance of wetland performance (and management) is illustrated by sensitivity to 
settling rate.  The equal importance of  watershed/water management is illustrated by 
sensitivity to runoff volume, runoff concentration, S13A flow, and WCA seepage.  It is 
apparent that a unique focus on a treatment wetland to achieve low discharge concentration 
would not be sufficient. 

Sensitivity to depth reflects the dependence of seepage rate on water surface elevation,   as 
illustrated in Figure 4.   The analysis indicates a  ~0.5 ppb decrease in outflow concentration 
for each 10% increase in depth (from 2 to 2.2 feet).  This result does not reflect possible 
sensitivity of phosphorus uptake (settling rate) to depth.   

Historical monitoring data from the S10 inflow zone of WCA-2A suggests that yearly average 
settling rates are approximately proportional to mean depth over a depth range of 0 to 3 feet 
(Walker, 1996).  Shallower depths are correlated with increased frequency of dry out, peat 
oxidation, and phosphorus recycling.  At depths exceeding the average design range (average 
2 feet, maximum 4 feet), performance may decline because of light limitation and/or loss of 
rooted macrophytes.   

While operating the treatment wetland at a greater depth would promote phosphorus removal 
via seepage, it may have a negative impact on uptake.  Avoidance of severe dryout and 
prolonged high water levels are thought to be important in macrophyte-based wetlands.   The 
tolerances and optimal operating depths have not been precisely defined, however.  For 
example, even though an average depth of  2 feet has been assumed for design purposes, 
values of 1 or 3 feet could provide similar (or better) performance.   This is the subject of 
ongoing research directed at identifying the limits of STA technology (SFWMD & FDEP, 
1996). 

5.4  Evaluation of Northern Site 

The above results assume a treatment location south of C11 in the vicinity of Water 
Management Unit 4 (Figures 1 & 11), with a surface discharge into WCA-3B.   Diverting the 



 D R A F T 
 

-17- 

S9 discharge into this region would constitute a major water-management decision, since it 
would move C11W basin outflows from WCA-3A to WCA-3B.   As discussed below, 
hydraulic constraints may preclude diversion of high flows into Water Management Unit 4 (at 
least as it is currently conceived).   Acreage estimates for a  location north of C11 (Water 
Management Unit 3, adjacent to WCA-3A) are listed in Table 12.   The following changes to 
model input variables have been made to reflect the new location: WCA elevation from 7.27 
to 9.42 ft, treatment area width from 0.5 to 1 mile, and transmissivity from 800,000 to 
600,000 ft2/day.   Regional contour maps (Waller, 1978) suggest that average ground 
elevation in the central and southern portions of WMU-3 is similar to that found in WMU-4 (~ 
6 feet).  

Figure 18 shows acreage required to achieve targets of 10 and 20 ppb for each location and 
wetland prototype.   Area requirements for the northern location are higher than those derived 
above for the southern location, particularly for a target concentration of 10 ppb.   This 
primary reflects a change in seepage rate and direction resulting from the change in WCA 
elevation from 7.23 ft (WCA-3B) to 9.42 feet (WCA-3A).  For a water elevation of 8 feet in 
the treatment area at both locations, seepage towards the WCA at the southern location 
would be reversed at the northern location.  Total seepage velocities would change from 0 
m/yr inflow and 10.5 m/yr outflow at the southern location to 3.3 m/yr inflow and 2.5 m/yr 
outflow at the northern location.   

Nominal design areas for a northern location are 3310, 1950, and 3700 acres for water 
management scenarios 1, 2, and 3, respectively.    These compare with a total area of 4094 
acres in Water Management Unit 3 (Cells 9-11, Figure 11).  

5.5  Hydraulic Considerations 

The above analysis evaluates treatment area requirements from the standpoint of phosphorus 
assimilative capacity.   Hydraulic constraints would also be very important to consider in 
designing a treatment system for the basin.   The strong correlation between concentration and 
flow at the S9 pump station (Figure 8) suggests that it would be important to capture and treat 
peak flows.   Based upon SFWMM simulations (Future Base, 1965-1990), peak flows 
would be characterized by a maximum daily flow of 2880 cfs (S9 pump capacity) and a 
maximum 7-day average flow of 1685 cfs.   

Under the Phase 3B buffer design for C11W (CH2MHill, 1996), diversions into the buffer 
would be limited by pump capacity (147 cfs) and by wetland depth / hydroperiod targets.   
This strategy would be not be appropriate for a treatment system because peak flows 
containing the highest phosphorus concentrations (> 100 ppb, Figure 8) would not be 
captured.   

Given the importance of treating high flows, the inflow pump capacity for the treatment area 
would be determined by flood-control requirements for the basin.    If no additional storage 
can be developed in the watershed, the required capacity would be similar to that of the 
existing S9 pump station.   A lower pump capacity and peak inflow rate would be desirable 
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because of cost considerations and because of limitations in wetland hydraulic capacity 
discussed below.  

Wetland hydraulic capacity would be determined by water depth, width, land slope, and 
vegetation density (Kadlec & Knight, 1996).  Figure 19 shows estimated flow capacity as a 
function of inlet water depth for 2500-acre treatment area adjacent to WCA-3B (nominal 
design for water management scenario 1).   This is an idealized representation of buffer Cells 
12-16  (Figure 11) as one continuous flow path with an average width of 0.5 miles.   Flow 
capacities are calculated for low, medium, high estimates of vegetation resistance using 
equation 9-44 from Kadlec & Knight (1996).    

The outlet weir depth is set at 2 feet (target depth for treatment system).  A ground slope of 0 
is assumed.  A regional contour map (SFWMD, 1981) suggests that 0.00005 would be an 
upper bound estimate of the actual ground slope (north to south) in this area.   With this 
ground slope, the calculated inlet water depths would be approximately 0.5 feet below those 
shown in Figure 19 at high flows. 

In order to transport the peak historical S9 discharge (~ 3000 cfs), the inlet water depth 
would have to be 6 to 9 feet;  this corresponds to a head loss of between 4 and 7 feet 
between the wetland inflow and outflow.   If the inlet water depth were constrained to a 
maximum of 6 feet, the maximum hydraulic capacity would range from 600 to 2900 cfs.  The 
Phase 3B buffer design applied a maximum depth constraint of 4 feet for Cell 12, based upon 
potential impacts on the US-27 roadbed.   With a 4-foot constraint on inlet depth, maximum 
transport capacity would range from 120 to 600 cfs.   Such a design would be unable to 
handle flows containing the highest phosphorus concentrations (Figure 8). 

The relatively high predicted head losses through the wetland reflect the long and narrow 
shape of the treatment area (length / width = 16).    Higher hydraulic capacity could be 
achieved by increasing the flow path width.    Figure 20 shows results for a width of 1 mile.    
This system would have a length/width ratio of 4, which is a more typical design for  wetland 
treatment systems (Kadlec & Knight, 1996).   Estimates of inlet depth range from 4 to 6 feet 
for a flow of 3000 cfs.    With a 4-foot constraint on the inlet depth, maximum transport 
capacity would range from 500 to 2,400 cfs.  

It appears unlikely that narrow portions of the proposed C11W buffer strip (particularly, Cells 
12 & 13, Figure 11) would provide adequate hydraulic capacity for treating peak flows.  
Widening these areas or diverting flows to other sections of the buffer strip (Cells 9-11, 14-
18) would probably be necessary.  Existing basin features in the vicinity of the C11W  buffer 
strip (e.g., US-27,  power substation, Trailer Park) may place constraints on wetland water 
levels and transport capacity.   More detailed engineering studies would be needed to find 
practical ways of providing the required treatment areas and water levels, given the 
topography and other constraints.  Multiple sites, including regional treatment of discharges 
from secondary canals, should be investigated. 

6.0  Conclusions 
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1. The methodology developed and demonstrated above provides a framework for 
factoring water-quality objectives into buffer / treatment area designs for C11W and 
other basins along the East Coast Buffer Strip. 

2. Historical monitoring data from S9 reveal a strong positive correlation between 
phosphorus concentration and daily flow.   Concentrations range from < 20 ppb at 
low flows to > 100 pp at high flows.  This pattern reflects varying mixtures of seepage 
and runoff under different flow conditions.  Because of this correlation, the ability to 
capture high flows would be an important design objective for a treatment system.   

3. Excursions from Class III water quality criteria for turbidity and free ammonia have 
occurred historically at S9.   Based upon ENR performance data, a wetland treatment 
system would be expected to provide >80% reductions in both of these parameters. 

4. A variety of pesticides (Atrazine, Hexazinone, Diuron, 2,4-D) have been detected 
historically at S9 at frequencies and concentrations which are not a-typical of those 
found at other inflow points to the WCA’s.  Further studies are needed to evaluate 
their significance and probable fate in a wetland treatment system. 

5. With planned watershed development, the flow-weighted-mean phosphorus 
concentration in the S9 discharge is projected to increase from ~23 ppb (1981-1991) 
to ~34 ppb.   If significant reductions in WCA seepage into C11 are realized with 
construction of the East Coast Buffer Strip, the concentration could approach 50 ppb. 

6. Wetland treatment area requirements ranging from 201 to 8486 acres are estimated 
for three water management scenarios, three wetland prototypes, three target 
phosphorus concentrations, and two general locations (Tables 7 & 12).  Broader 
public discussions and evaluations are necessary to select an appropriate design basis. 

7. Nominal (not to be confused with recommended) designs are based upon 
extrapolation of performance data from the Everglades Nutrient Removal Project 
(settling rate = 20 m/yr) and an assumed target concentration of 10 ppb.   

8. For a location adjacent to WCA-3B, nominal area requirements range from 1460 to 
2760 acres, depending on water management scenario.   This range can be compared 
with the total surface area of 3336 acres in the Water Management Unit 4 of the 
proposed East Coast Buffer Strip.    

9. For an alternative location adjacent to WCA-3A, nominal area requirements range 
from 2000 to 3700 acres.  This range can be compared with the total surface area of 
4094 acres in Water Management Unit 3.  The effects of location on treatment area 
requirements are attributed to differences in seepage rates and directions.  

10. Water management scenarios providing reductions in seepage, selective treatment of 
high flows, and/or treatment of runoff before it is diluted with seepage would have 
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lower total area requirements than those treating all flows.   Promoting BMP’s in the 
watershed could also reduce treatment acreage. 

11. Given the importance of treating peak flows and existing water-level constraints in the 
vicinity of the C11W buffer, hydraulic factors may have a large influence on the 
location and shape of the treatment area.   

Designs to achieve concentrations in the 10-30 ppb range with a constructed wetland are 
extrapolations based upon experience with constructed systems at higher concentrations and 
upon observed reductions in phosphorus achieved by natural (vs. constructed) communities in 
impacted regions of the Everglades.   Substantial research is needed to provide a basis for 
final design and implementation.  Such research is currently underway to support Phase II 
phosphorus-control efforts mandated by and State/Federal Settlement Agreement and the 
Everglades Forever Act (SFWMD & FDEP, 1996). 
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Table 1 
STA Design Equations Modified to Account Infiltration and Exfiltration 

 
Variable Definitions: 
 
P  = Rainfall (m/yr) 
E = Evapotranspiration Rate (m/yr) 
Qx = External Inflow Volume (million m3/yr) 
Cx = External Inflow Concentration (ppb) 
Ci = Total Inflow Concentration (ppb) 
Cp = Rainfall Phosphorus Concentration (ppb) 
Ke = Effective Settling Rate (m/yr) 
Fw = Fraction of Days with Water Elevation Above Ground Surface 
Uo = Infiltration Rate (outflow) (m/yr) 
Cs = Concentration in Exfiltration (ppb) 
Us = Exfiltration Rate (Inflow Seepage)   (m/yr) 
A = Wetland Surface Area (km2) 
Cm  = Average Concentration within STA (ppb) 
Cb = Background Concentration (ppb) 
fr = Seepage Recycle, as Fraction of Total Seepage Out of STA (-) 
Qr = Seepage Recycle Flow (million m3/yr) 
Cr = Seepage Recycle Concentration (ppb) 
Crmax = Maximum Seepage Recycle Concentration (ppb) 
 
Water Balance: 
 

d Q / d A     =     b    =   P  -  E  +  Us  -  Uo  
 
boundary condition:    Q  =  Qx + Qr  @   A  =  0 (inflow to wetland) 

 
Qo =   Qx + Qr + b A 

 
Phosphorus Balance: 
 

d ( QC ) / dA   =      P Cp    +    UsCs   -   Ke  Fw C   -   Uo C 
 
boundary condition:    QC   =   Qx Cx  +  Qr Cr   @   A = 0 
 
Ci   =   (  Qx Cx  +  Qr Cr )  /  (  Qx  +  Qr  ) 
 
Co   =   Cb  +  (  Ci  -  Cb ) ( Qo / Qi ) 

( -r / b ) 

 
r    =    P  -  E  +  Us  +  Fw Ke 

 
Cb   =    (  P Cp  +  Us Cs  )  /  r 
 

Seepage Recycle: 
 

Qr   =   fr Uo A 
 
Cm   =   (  Qi Ci  +  Us Cs A +  P Cp A - Qo Co  )  /  (  Ke + Uo  )  A 
Cr   =    Minimum (Cm , Crmax) 



 

Table 2 
Estimation of Inflow and Outflow Seepage Rates for Buffer Cells 

 
Variable Definitions: 
 
Qi = Seepage from Buffer to Location I (cfs) 
Bi = Seepage Coefficient for Flows to Location I (cfs/mile/ft of head) 
Ei = Average Water Surface Elevation at Location I (feet) 
Eo  =  Average Ground Elevation in Buffer  (feet) 
Z = Mean Water Depth in Buffer Cell (feet) 
L = Buffer Length (North-South Dimension) (miles) 
W = Buffer Width (East-West Dimension)  (feet) 
 
Seepage Rate from Buffer to Location I, (cfs):  

 
Qi    =    Bi   L  (  Eo  +  Z  -  Ei  )  
 

where, 
I = 1  From Buffer to WCA, Located Immediately to the West of Cell 
I = 2 From Buffer to Seepage Collection Canal, Located to the East of Cell 
I = 3  From Buffer to Eastern Boundary Canal (Assumed to Represent Recharge) 

 
Total Seepage Into & Out of Buffer (cfs): 

 
Qs = -Min(Q1,0) - Min(Q2,0) - Min(Q3,0) 
 
Qo  = Max(Q1,0) + Max(Q2,0) + Max(Q3,0)  
 

Seepage Velocities Into & Out of Buffer (m/yr): 
 
Us  = 1822  Qs / W L 
 
Uo = 1822  Qo / W L 

 
Seepage Coefficients, B i  (cfs/mile/ft) & Elevations, E i, (ft): 
  

Width (feet) 
 

1500 
 

22400 
 

-  
Variable 

 
Bi 

 
Bi 

 
Ei  

To WCA-3B 
 

12.76 
 

16.65 
 

6.5  
To Seepage Collection Canal 

 
2.06 

 
3.42 

 
4.5  

To East (Recharge) 
 

1.22 
 

1.94 
 

3.0  
Buffer Ground Surface 

 
 

 
 

 
6.0 

 
Derived from CH2MHill(1994), Section 4, Seepage Analysis, Table 4-2, for areas adjacent to WCA-3B; 
average transmissivity = 1,216,000 ft2/day. 
 
Coefficients (Bi) for a given buffer width are interpolated from values in the above table and then 
multiplied by the ratio  ( T / 1,216,000), where: 
 

T =  local transmissivity (ft2/day)  ~  800,000 ft2/day for C11 West buffer (Figure 3) 
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