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Chapter V

SAPS Design Guidelines

The research presented in this Thesis has concluded that properly designed

SAPSs have the ability to improve influent AMD water quality (Chapters 3 and 4).

There is also strong evidence suggesting that SAPS design should take into account

AMD chemistry to ensure adequate treatment.  While currently available design

guidelines do not provide methods for accounting for influent chemistry (i.e. Skovran

and Clouser, 1998; Skousen et al., 1997), the conclusions of this research suggest a

technique for designing SAPSs according to site specific conditions.

This does not indicate, however, that SAPSs can be used universally to treat

AMD.  They are best suited for treating net acidic discharges containing elevated

concentrations of ferric iron, aluminum, and dissolved oxygen.  Other types of

discharges are better handled by one of the several other forms of passive treatment

systems that exist (Skousen et al., 1997).  As with SAPSs, the utility and design of all

passive treatment systems are highly dependent on influent AMD chemistry and flow.

Therefore, prior to designing a passive treatment system, a complete characterization
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of influent AMD is needed to determine which type of system is appropriate and how

to design that system to meet the treatment goals.

Characterization of AMD

The first step in the design of a passive treatment strategy is a thorough

characterization of the AMD to be treated.  This analysis should be sufficient to

accurately determine the variation in flow and chemistry that a system will be

required to treat.  A 12 month series of water samples is recommended to account

for the variations that may occur or in response to seasonal changes or storm events

(Skovran and Clouser, 1998).  All water samples should be analyzed for pH, total Fe,

Mn, Al, total alkalinity, and total acidity.  Additional parameters such as dissolved

oxygen (DO) and iron speciation should be measured if an anoxic limestone drain is

being considered as a treatment option (Hedin et al., 1994a).  Dissolved oxygen and

pH should be measured on-site.  Samples designated for metals analysis should be

filtered at the time of sampling to remove particulate matter and acidified to pH<2

(APHA, 1985).  Acidity and alkalinity samples should be placed on ice immediately

following sampling and analyzed within 24 hours.  Non-Mn Acidity is calculated using

equation 5.1.

Non-Mn Acidity = Acidity Ð 1.818Mn                                 (5.1)

where,

Acidity = Total Acidity (mg/l as CaCO3)

Mn = Manganese (mg/l)

Accurate flow measurements are also required to determine the volume of AMD to

be treated.

With the water quality data collected, a Òworst caseÓ discharge scenario

should be developed as a basis for design that will ensure consistent, year-round
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performance.  This can be achieved by determining an upper 95% confidence limit

(Lupper) for each parameter over the range of available data (Dietz and Stidinger,

1993).  This is estimated using the formula:

Lupper = χ  + t.05[n-1] s n
-0.5               (5.2)

where,

χ  = the mean of the selected parameter
t.05[n-1] = the critical value of the StudentÕs t-distribution for n-1(approximately
             1.7 for sample sizes greater than 10)

  s  = the standard deviation
  n = number of samples

These values become the basis for designing an adequate treatment system.

Passive Treatment System Selection

The selection of a passive treatment system depends in large part on whether

the influent water is net alkaline or net acidic.  The diagram in figure 5.1 illustrates a

decision process for selecting an appropriate system for a given discharge.  For net

alkaline discharges, no additional treatment is needed since the water already has the

capacity to neutralize the mineral acidity present in the water.  The only conditions

necessary for these situations are an oxidizing environment and sufficient residence

time to allow for the metal oxidation and precipitation processes.  This can be

provided for with a settling pond followed by an aerobic wetland.  For a detailed

discussion of these types of systems, the reader is directed toward Hedin et al.,

(1994a).

The treatment of net acidic drainage can be handled in a number of ways

depending on influent chemistry.  If the influent is found to contain less than 1 mg/l

of dissolved oxygen, ferric iron, and aluminum, an anoxic limestone drain can be

employed as a pretreatment method.  If acidic water containing Fe3+ or Al were to
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Figure 5.1  Flow chart for selecting a passive treatment system based on influent
water quality.  Additional treatment may be required for manganese and heavy
metals if present in elevated concentrations.  (Adapted from Skousen et al., 1998).
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come into contact with limestone, ferric hydroxide (FeOOH) and gibbsite (Al(OH)3)

will form even in the absence of oxygen (Hedin et al., 1994a). These complexes will

limit the performance and longevity of the system by armoring the limestone with

iron coatings, and/or reducing the permeability of the stone with the build up of a

metal-hydroxide floc.  In the absence of these factors, ALDs provide an efficient and

inexpensive form of alkalinity generation (Hedin and Watzlaf, 1994).  A post-ALD

settling pond or aerobic wetland is required to allow for the oxidation and

precipitation of the metals.  A thorough reference for the design and sizing for ALDs

can be found in Hedin and Watzlaf, (1994).

Acidic waters that do not meet the criteria for ALDs can be treated with either

an anaerobic wetlands or a SAPS.  Current guidelines for the construction of

anaerobic wetlands advocate using a 1-2 ft layer of organic matter (preferably spent

mushroom compost) over a 0.5-1.0 foot bed of limestone with a surface water depth

of between 1-6 inches.  Cattails (Typha sp.) should be planted throughout the

wetland to supply additional organic matter for heterotrophic bacteria and to

promote metal oxidation with the release of oxygen from their root system (Skousen

et al., 1997).  System size is based on designing for a removal rate of 3.5 g

acidity/m2/day.  Due to the potentially large demands on land area of these systems,

they are usually only practical for low-flow situations.  For systems that receive water

that has a pH>4, settling ponds may precede the anaerobic cell to remove significant

quantities of iron.  For a complete review of this topic, the reader is directed toward

Hedin et al. (1994a).  The remaining discharges can be treated using a SAPS.

SAPS Design Guidelines

The SAPS passive treatment systems are able to neutralize acidity and promote

metal precipitation for more difficult treatment situations (Kepler and McCleary,

1994).  Due to the active mixing of the AMD with the limestone, acid neutralization

is more rapid in SAPS than in anaerobic wetlands and thus SAPS require shorter
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residence times and smaller systems.  These systems are not stand-alone, but require

the addition of an oxidation/settling pond at the effluent point to allow for the

precipitation and storage of the metals in solution.  For discharges containing ferrous

iron, SAPS systems are also preceded by either a settling pond or aerobic wetland to

remove any metals that are poised to precipitate.  The removal of such metals prior to

entering the SAPS can be expected to lengthen its useful life and reduce necessary

maintenance by reducing the accumulation of metal hydroxides on the surface of the

organic matter.

The currently available guidelines as reported Skovran and Clouser, (1998),

Skousen et al., (1998) and Kepler and McCleary (1994) provide a general form for the

design of these systems, but do not explicitly relate them to influent AMD

characteristics.  As was demonstrated in Chapters 3 and 4, SAPS systems respond to

influent water quality and should be designed accordingly.

Limestone Residence Time

Once it has been established that a SAPS is an appropriate choice for a passive

treatment system, the system must be designed with respect to the influent AMD

characteristics.  The first step in this process is determining the size of the limestone

layer and number of SAPS cells needed for adequate treatment.  Using the

relationship that was derived for SAPS alkalinity (Eq. 3.6), the appropriate limestone

residence time needed for treatment can be determined from the available data.  If

net alkalinity is set at a desired effluent concentration, the equation can be solved for

natural log of the residence time given the values of influent non-manganese acidity

and total iron (Eq. 5.3)

                   ln(tr) = 0.017Alknet - 0.017Fe Ð 0.0054Non-Mn Acidity + 1.36 (5.3)
where,

Alknet = net alkalinity to be generated (mg/l as CaCO3)
Fe = total iron (mg/l)
Non-Mn Acidity = non-manganese acidity (mg/l as CaCO3)



SAPS Design Guidelines

87

The residence time in hours can then be determined by computing:

tr = e 
ln(tr)    (5.4)

The value for net alkalinity should reflect the neutralization of non-Mn acidity

and the production of between 20 Ð 40 mg/l of alkalinity (Dietz and Stidinger, 1993).

Choosing the conservative figure of 50mg/l of alkalinity generation, equation 5.3 can

be simplified to:

       ln(tr) = 0.017(Non-Mn Acidity + 50) - 0.017Fe Ð 0.0054Non-Mn Acidity + 1.36

                 ln(tr) = -0.017Fe + 0.012Non-Mn Acidity + 2.21    (5.5)

Because this relationship was derived empirically, it should be applied only to

influent water chemistries within the range of the original data.  The predictive

capability of this formula is limited to total iron concentrations less than 300mg/l and

non-manganese acidity concentrations of less than 500 mg/l.  The equation is also not

intended for situations when the portion of acidity not derived from iron and

manganese exceeds 250mg/l.

The residence time that is calculated represents a situation where one SAPS is

used to treat the effluent.  In cases where that design residence time is not feasible, it

can be recalculated for n number of cells using equation 5.6.

 (tr)n cells =  e (ln(tr)1 cell / n)                       (5.6)

where,
ln(tr)1 cell = result from eq. 5.3 or 5.5
n  = number of SAPS cells used in the treatment

Due to the logarithmic relationship between net alkalinity generation and

residence time, changing the system design from one cell to two decreases the system

size exponentially rather than in half.  As an example, a recommended one-cell
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residence time of 400 hours reduces to 20 hours each for two cells and 4.5 hours for

three.  For ease of calculation figures 5.2 and 5.3 represent graphical nomographs of

equation 5.3 for one and two cell cases respectively.

The residence time that is determined from this model reflects the time that

the AMD should be in the limestone layer to achieve the desired results.  This can be

translated into a volume of limestone (Vls) by rearranging the residence time

calculation:

         Vls = 0.227 Q tr               (5.7)
            Vv

where,
Q = influent flow (GPM)
tr = residence time (hours)
Vv = bulk void volume of limestone expressed as a decimal

This volume of limestone can be manipulated with respect to depth in order to

accommodate space limitations.

An additional volume of limestone should be added to compensate for

limestone dissolution over the design life of the SAPS.  Hedin and Watzlaf (1994)

derived the relationship for determining the additional amount of limestone needed

(Vls+) over the design size.  Equation 5.8 demonstrates this relationship when solved

for in terms of limestone volume.

      Vls+ = 1.99 Q  C  T               (5.8)

           ρb x
where,

Q = influent flow (GPM)
C = predicted net alkalinity generation (mg/l)
T = design life (years)

ρb = bulk density of limestone (kg/m3)
x   = CaCO3 content of limestone
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 Figure 5.2  Nomograph for determining a one-cell SAPS residence time to produce
a net alkaline effluent of 50 mg/l as CaCO3.
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 Figure 5.3  Nomograph for determining a two-cell SAPS residence time to produce
 a net alkaline effluent of 50 mg/l as CaCO3.

0

5

10

15

0 50 100 150 200 250 300

Total Fe (mg/l)

Residence 
Time 

(hours)

Non-Mn Acidity (mg/l)

50
100

150
200

250 300
350

400
450

500

300

500

PROCEDURE:   Enter the nomograph
at the bottom with the total iron
concentration and proceed upwards
until reaching the line that represents
the non-Mn acidity concentration.
Proceed then to the left to determine the
residence time necessary to achieve a
net alkaline effluent of 50 mg/l in two
SAPS cells of equal size.  Interpolate
between curves for unrepresented
values.  The dotted line is a sample
calculation for 75 mg/l total iron, and
300 mg/l non-Mn acidity.
Solution:   tr = 9.1 hours.



SAPS Design Guidelines

91

This volume is added to the initial volume of limestone that was calculated to

determine the total amount of limestone needed for system construction.  If more

than one SAPS are to be used in a treatment scheme, this volume can be divided

among the individual SAPS cells.

Organic Layer Residence Time

The organic matter layer performs a key role in the performance of SAPS

systems: the removal of dissolved oxygen and the promotion of reducing conditions.

This prevents armoring of limestone with iron hydroxides and enables the

colonization by sulfate reducing bacteria.  The removal of dissolved oxygen, however,

is directly related to water temperature and the AMD residence time in the organic

matter (Chapter 4).  In order to ensure that that the SAPS performs well year-round

and to prevent performance degradation due to limestone armoring, the organic layer

must be of a size to ensure cold weather performance.

Of the SAPS columns studied in Chapter 4, only the 60 hour columns were

able to remove dissolved oxygen to below the 1mg/l threshold in temperatures as low

as 5°C (41°F).  The organic layer of these systems was determined by specific yield

analysis to have a void volume of 59%.  Using the average flow of 0.124 l/hour that

these columns received, the residence time in the organic layer was approximately 26

hours.  This residence time can then be used to calculate the volume of organic (Vom)

matter needed given a influent flow rate using the following equation:

   Vom= 0.227 Q tr Vv
-1                          (5.9)

where,
Q  = volume of flow into the system (GPM)
tr = residence time in organic layer (hours)
Vv = bulk void volume of organic matter expressed as a decimal

This residence time is considered to be conservative, however, since it was

derived from systems that used composted bark mulch as their organic matter.  This
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material has a relatively low biochemical oxygen demand due to its high proportions

of large, woody debris that are not readily broken down by the fermentative bacteria.

Other materials such as composted manure or spent mushroom compost may allow

for shorter residence times given the greater bioavailability of the organic compounds

in these materials.

Although the size of the organic layer is volumetrically based, the depth of this

layer should still be restricted to 12 Ð 18 in.  Deeper substrates have been shown to

be problematic due to the low hydraulic conductivity of organic matter (Kepler,

1999).  Shallower substrates should also be avoided due to the risk of creating zones

of preferential flow that would allow oxygenated water to reach the limestone layer.

Therefore the design volume of organic matter must be manipulated in spatial extent

in order to accommodate the recommended depth.  A sample calculation of the

entire design procedure can be found in Appendix B.

Construction Techniques

The construction of a SAPS requires the excavation of a basin, and the

installation a clay or plastic liner to prevent seepage of untreated AMD into the

groundwater.  The side embankments should be constructed with 2:1 interior slopes

and 3:1 exterior slopes with 8 Ð 10 ft top widths (Skovran and Clouser, 1998) (Figure

5.4).  Skovran and Clouser, (1998) also recommend a minimum of 12 inches of

freeboard above design high water to an emergency spillway in order to maintain

system integrity.

The subsurface drainage system should be constructed from 6 in schedule 40

perforated PVC piping.  Typical layouts for the drain are ÔTÕ or ÔYÕ shaped, and

located in the lower 12 in of the limestone layer (Figure 5.5).  Drains should be

designed and oriented so as to promote full utilization of the SAPS volume.  The
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Figure 5.4  Cross sectionschematic of SAPS system design.  Not to scale (adapted
from Skovran and Clouser (1998).

Figure 5.5  Typical network layouts for SAPS systems.
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drains are joined to an effluent standpipe that is positioned to maintain a constant

head of water above the organic substrate.  The SAPS effluent should cascade into

the adjacent settling pond in order to oxygenate the waters and promote the

precipitation of the metals in solution.

A settling pond located after the SAPS cell is crucial to the effective treatment

performance.  The effluent of the SAPS cell is not completely treated and must

undergo oxidation, pH adjustment, and subsequent precipitation of insoluble metal

complexes before being discharged.  The settling pond allows for these processes to

take place in a controlled setting where the precipitates can be dredged and disposed

of in a proper manner.  Settling ponds should be large enough to allow for the

accumulation of the precipitated metals with recommended residence times of at

least 2.8 days (Skovran and Clouser, 1998).

A flushing system, such as the one mentioned in Chapter 3, should also be

included to maintain maximum treatment efficiency.  This consists of a valved

discharge port connected to the drainage network located at or below the drainage

network elevation in the SAPS cell.  When the valve is opened, the head of water in

the SAPS causes a rapid drawdown of the system which removes the metal-hydroxide

floc that can accumulate in the limestone layer.  The flushing system outlet should

discharge into the settling pond to allow for the collection and removal of the

precipitates.  This process should be performed on a monthly basis and usually

requires about a 10-15 minute drawdown until the discharged waters run clear

(Kepler and McCleary, 1997; personal observation).

Once the installation of the SAPS is complete, water quality monitoring should

continue to gauge system performance and determine if the treatment goals are being

met.


