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a b  s  t  r a  c t

Hydraulic performance  assessment of passive  treatment  systems has  been  conducted  for UK’s  Coal

Authority  mine  water  treatment  systems.  The study  aims  to improve  the  understanding of  the hydraulic

factors  that  govern  contaminant behaviour, such  that  future  design  of treatment  systems  is able to opti-

mise  treatment  efficiency  and  make  performance more  predictable,  and  improve  performance  over the

long-term.  Assessment  of the  hydraulic  behaviour  (i.e.  residence  time  and  flow pattern) of the  treat-

ment  systems  was  accomplished  by means of tracer  tests.  The tracer  tests  were undertaken at  eight  UK

Coal  Authority  mine  water treatment  systems (lagoons and  wetlands)  within  Northern England (main

study areas)  and  part  of  southern  Scotland.  A  modelling approach  using  a tanks-in-series  (TIS) model

was adopted  to  precisely  analyse and  characterise the  residence  time  distributions  (RTDs),  in an effort to

account for  the  different flow patterns across  the  treatment  systems. Generally,  lagoon  RTDs  are charac-

terised  by  a greater  flow dispersion compared  to wetlands  (i.e.  higher  dispersion number,  D  and  lower

number  of TIS,  n).  Consequently,  the  hydraulic efficiency,  e� for lagoons is much lower  than  wetlands

(mean of 0.20 for  lagoons  compared  to 0.66  for  wetlands).  Implications  for  design  and maintenance  of

mine  water  treatment  systems are discussed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hydraulic performance in passive treatment systems is  often

associated with the hydraulic residence time within the system

(e.g. Martinez and Wise, 2003; Lin et al., 2003; Kjellin et al., 2007).

The time a fraction of water spends in a system may  reflect the

patterns of water movement across the system and the degree of

treatment received of polluted waters (Thackston et al., 1987). The

relative importance of residence time as a measure of hydraulic

performance of passive treatment systems, in particular within

wetland-type treatment systems, has been discussed in  many stud-

ies (e.g. Thackston et al., 1987; Kadlec, 1994; Werner and Kadlec,

1996; Martinez and Wise, 2003; Persson et al., 1999; Goulet et al.,

2001). However, detailed investigations on the actual residence

time to reflect the hydraulic performance of the treatment sys-

tems have not been widely explored in the application of passive

treatment of coal mine water in  the UK.

Current design practice for aerobic wetlands treating net-

alkaline mine waters in UK applications are based on the zero-order
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kinetics for pollutant removal i.e.  the commonly used area-

adjusted removal as recommended by Hedin et al. (1994). Lagoons

are designed to allow nominal 48 h of retention time. A  knowl-

edge that  iron removal under aerobic conditions follows first-order

kinetics model for pollutant removal has been the basis for a rec-

ommended alternative method for the design of such systems (e.g.

first-order removal model by Tarutis et al., 1999). Both of these

approaches are  based on the plug-flow assumption, which is  not

the case in  real systems. An increasing knowledge of the hydraulic

behaviour (e.g. flow pattern across a  treatment system) requires

a  better understanding of the hydraulic factors relating to treat-

ment system performance. Such an assessment has not been widely

explored in  UK mine water treatment systems. The extent to  which

actual systems deviate from an ideal flow pattern is the subject of

study here. Such an investigation is  particularly of interest to  bet-

ter understand the impacts of the residence time (and hence the

flow pattern) have on the hydraulic performance of the system,

which potentially has an effect on pollutant removal. This is  com-

pounded by first-order removal kinetics of some contaminants e.g.

iron; removal is not only dependent on the chemical factors i.e.

concentration, pH, dissolved oxygen but also the time it takes to

attenuate the pollutant (e.g. Jarvis and Younger, 2001; Goulet et al.,

2001). Understanding the actual flow pattern rather than assum-

ing plug-flow, which is rarely the case in actual systems is a key
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objective of this investigation. This is somewhat related to recent

work by Sapsford and Watson (2011),  in  which a pH-dependent

first-order removal rate constant have been developed for typical

mine water conditions in the UK, and are found to  be  in  the range of

0.04 d−1 (pH 6)–372 d−1 (pH 8) for first-order oxidation rate con-

stant, and 12.5 d−1 for first-order sedimentation rate constant. This

retention time-based approach seems to  be appropriate for it takes

account of the chemical characteristics of mine water and is  based

on the first-order kinetics for iron removal.

Certainly, the primary pollutant of concern in  UK coal mine

water discharges is  iron. Settlement lagoons and aerobic wetlands

have been regarded as ‘proven technology’ for passive treatment of

net-alkaline, ferruginous mine waters within the UK applications

of passive treatment (PIRAMID Consortium, 2003). However, one

of the limitations of the current design practice for these passive

mine water treatment systems are that hydraulic factors are not

being accounted for in the design of such systems. This has signifi-

cantly led to limited understanding of the hydraulic characteristics

of the treatment systems which, together with the knowledge of

the geochemical processes governing pollutant removal, are cen-

tral in the assessment of the overall treatment system performance.

With regard to  the variation in current treatment systems per-

formance i.e. iron removal (e.g. Jarvis and Younger, 1999, 2001;

Younger, 2000; Younger et al., 2004; Kruse et al., 2007; Johnston

et al., 2007) and hydraulic residence time (e.g. Kruse et al., 2009),

this study aims to investigate the hydraulic factors influencing per-

formance of passive mine water treatment systems, specifically in

settlement lagoons and aerobic wetlands.

2. Materials and methods

2.1. Site description

The study was undertaken at eight UK Coal Authority mine

water treatment systems within Northern England (main study

areas) and part of southern Scotland, which consist of mine water

treatment wetlands and settlement lagoons (Fig. 1). The systems

were designed to treat net-alkaline (i.e. alkalinity > acidity), ferrug-

inous mine water with design flow capacity ranging between 10

and 88 L/s and influent iron concentration from 6 mg/L to  60 mg/L.

Irrespective of lagoon or wetland, these include a  range of relatively

small to very large systems, of between 600 and 11,400 m2 treat-

ment area. In typical applications of passive treatment within the

UK coal mine water treatment systems, settlement lagoon serve

as a pre-treatment unit preceded by an aeration cascade, aimed at

removing about 50% iron by  means of hydrolysis and settlement of

ferric hydroxides, prior to  final polishing in  wetland system (or a

series of wetlands) (Younger et al., 2002).

2.2. Field sampling and measurements

2.2.1. Tracer test implementation

The hydraulic factors influencing treatment performance were

assessed by means of conducting tracer tests to  experimentally

determine the actual residence time within the treatment systems.

Background tracer concentrations were pre-determined from sam-

ples taken prior to  the tracer experiments (Lin et al., 2003;

Wolkersdorfer et al., 2005) so that any changes due to tracer addi-

tion could be detected and that the actual mass recovered could

be precisely determined. The method employed for the tracer test

was the slug tracer injection, where a  known amount of tracer was

injected into the inlet of the treatment system and complete mix-

ing with the flow was assumed (Kilpatrick and Cobb, 1985). To

ensure maximum mixing, the tracers were dissolved with the mine

water and were poured directly into the turbulent zone at the inlet

discharge point. Throughout the full series of tracer experiments

three types of tracer have been employed; sodium bromide, Na-

fluorescein and sodium chloride. Dual-tracer tests were conducted

whenever possible for verifying the results (Kusin et al., 2009).

Samples of mine water were automatically collected by

Aquamatic Auto Cell P2 Autosamplers equipped with 24  ×  1  L

polyethylene bottlers at specific time intervals (estimated based

on the system nominal residence time). The tracer test typically

takes between 24 and 72 h,  depending on the system nominal res-

idence time. On-site measurement for bromide was  not available,

but other tracers i.e. Na-fluorescein and NaCl were measured in the

field. Outlet autosamplers were installed for capturing the recov-

ered bromide tracer. The bromide was analysed in  the laboratory

using a  calibrated Dionex 100 Ion  Chromatograph. Na-fluorescein

was continuously measured in  the field using a calibrated Sea-

point fluorimeter (detection limit 0.2 �g/L) which was  set up  to

take the concentration readings at 5 min  intervals. Alternatively,

the Na-fluorescein was also analysed in the laboratory using a

Varian Cary Eclipse Fluorescence Spectrometer whenever on-site

measurement was  not possible and/or for verifying the results.

The sodium chloride tracer was measured as electrical conduc-

tivity which was  recorded using an Eijelkamp CTD Diver at 5  min

intervals.

2.3. Flow measurements

The flow rates during the tracer tests were continuously mon-

itored at the outlet of the systems using an Eijelkamp CTD Diver

and a  BaroDiver for atmospheric pressure correction. The water

heads were ascertained using water levels data recorded by  the

Eijelkamp CTD Diver. The BaroDiver semi-continuously measured

the water and atmospheric pressure, temperature and conductiv-

ity at a  point behind the 90◦ V-notch weir where the water was

not disturbed by the sharp notch. Velocity–area method was used

whenever other methods were not  possible e.g. in  an open channel

at the inlet of treatment system. The water depth was  measured

using a  graduated pole and a flow impeller was set at 0.6 of the

depth measured downstream from the surface (Brassington, 2007;

Shaw et al., 2011). The velocity was  measured using a  Valeport

Model 801 Electromagnetic Flow Meter suspended in  the water

pointing in an upstream direction. Measured flow rates ware taken

within 5–10% precision (PIRAMID Consortium, 2003; Brassington,

2007). For precision, timely data of the measured flow rates were

ascertained (i.e. 5, 10 and 15 min  intervals) and are used to compare

between dynamic (timely data) and average flow using moment

analysis. This enables precise measurement and analysis to be

made as a  means for demonstrating that the flow rates were con-

sistent throughout the duration of the tracer tests.

2.3.1. Tracer flow-pattern modelling

A  modelling approach was  adopted as a  means for comparing

the actual tracer residence time distribution (RTD) responses dur-

ing the tracer tests with the expected theoretical response, to assess

system performance under current design. Modelling of the tracer

RTD curves was  applied to determine the main RTD characteris-

tics (i.e. mean residence time, variance (spread of tracer) and mode

(peak of tracer)) which will then lead to determination of  treatment

system performance metrics i.e. system volumetric efficiency (ev),

RTD efficiency (eRTD) and the overall hydraulic efficiency (e�).

The tracer RTDs were modelled based on a  tanks-in-series (TIS)

model, which is  believed to  represent a good approximation of

most wetland conditions and/or systems similar to it (Kadlec and

Wallace, 2009). The model is simple and can be used with any kinet-

ics (Levenspiel, 1972), and is a  widely applied tool for treatment
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Fig. 1. Locations of the coal mine water treatment systems studied (not to scale).

wetlands and ponds (Kadlec and Knight, 1996). The TIS model lies

between the two commonly known ideal systems (i.e. plug-flow

and completely-mixed), neither of which appear to  be the case

in real wetland conditions (Kadlec and Wallace, 2009). Based on

the TIS model, the number of tanks-in-series, n, for tracer RTDs

was determined. This represents the ideal n TIS for RTD as in  non-

ideal systems (Levenspiel, 1972). The n TIS essentially indicates the

spread of tracer residence time  from the mean, thus showing how

the flow would deviate from ideal plug-flow. Analysis of system

hydraulic characteristics using the TIS model was obtained from

three different approaches, whichever fits the data well (i) TIS from

moment, (ii) TIS from least squares errors and (iii) delayed TIS from

least squares (Kadlec and Wallace, 2009).

The TIS fit for residence time distribution is  represented by the

gamma  probability density function (Levenspiel, 1972; Kadlec and

Wallace, 2009):

E(t) = g(t) =

1

�n
i

� (n)
tn−1 exp

(

−

t

�i

)

(1)

where g(t) =  gamma  distribution for residence time (d−1);

� (n) = gamma function of n, =

∫

∞

0
tN−1 exp(−t)dt, to allow n being

accounted as a  non-integer variable, or (n  − 1)!, if n is an inte-

ger (d−1); n = number of tanks-in-series (unitless); t = time  (d);

�i =  mean residence time in one tank (d). Accordingly, the result-

ing parameters from the gamma  distribution function for tracer

RTD were computed from the following:

(i)  mean residence time for the whole system, mean, �m =  n�i

(ii) spread of tracer from the mean, variance, �2
�

= n�2
i

(iii) time for the peak tracer, mode, �p = (n  − 1)�i

Following Eq.  (1),  if the n and �i are straightforwardly taken from

the values calculated from moment analysis (see Kusin et al. (2010)

for details), the resulting parameters are termed as TIS model from

moment (Kadlec and Wallace, 2009). Conversely, a  more robust

approach was used to minimise the summation of squared errors

between the TIS model and the observed data and is  termed TIS

from least squares (LSQ) method. Whenever there is delay between
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tracer injection and first tracer detection, delayed TIS model from

LSQ was used (Kadlec et al., 1993; Chazarenc et al., 2003; Kadlec

and Wallace, 2009).

g(t) =

1

�i(n − 1)!

(

t − tD

�i

)n−1

exp

(

−

t −  tD

�i

)

(2)

where tD = delay time (d); �i = tracer residence time in  one tank (d).

Results from a TIS model can in fact be  compared to those of a

plug-flow with dispersion (PFD) model (another commonly applied

model for tracer flow studies). According to the PFD model, sys-

tem dispersion number, D, for systems with relatively large extent

of dispersion (D >  0.01), was calculated according to  the appropri-

ate boundary conditions as follows (i.e. for closed-closed system

(Levenspiel, 1999)):

�2
� = 2D − 2D2(1 −  e−1/D) (3)

where �2
�

= system dimensionless variance =  �2/t2
m (unitless).

Hydraulic efficiency (e�)  for the treatment systems was  deter-

mined using Eq. (4) (after Persson et al., 1999), reflecting both the

fractions of water involved in the flow-through and the mixing

characteristics of water movement characterised by the behaviour

of system dispersion.

e� = eveRTD (4)

where ev = (tm/tan)  = (Veff/V);  tm = actual mean residence time (d);

tan = actual nominal residence time (d); Veff = system effective vol-

ume; (m3) V = system nominal volume (m3); Q  =  flow rate (m3/d),

and eRTD = residence time distribution efficiency = (1 − �2
�

); �2
�

=

system dimensionless variance (unitless). Note that the term (1 −

�2
�

)  is an equivalent form of (1−1/n)  (Kadlec and Wallace, 2009). In

the case of a TIS system, the �an was determined as the following

(Kadlec and Wallace, 2009):

�an = �in

(

1

N

∑N

j=1

(

1

1 −  (˛j/N)

)

)

(5)

where  ̨ = water loss fraction,  ̨ =  1 −  R =  1 − Qo/Qi (dimensionless);

N = total number of tanks; j =  tank number counter i.e. j = 1, 2, . . .,  N

(unitless). Computation of this actual nominal residence time  (Eq.

(5)) gives the advantages of accurately determine the fraction of

water involved in the treatment as it takes account of the flow pat-

tern during tracer test, in addition to  effect of flow changes between

inlet and outlet.

3. Results and discussion

3.1. Wetland systems

3.1.1. RTD characteristics for wetlands

The results of the TIS modelling applied to the actual field data

from the studied wetland systems are presented in  Fig. 2 (illus-

trated on the same scale for ease of comparison). Here, only the

best TIS fit to  actual RTDs are shown, which were used for evalu-

ation of the hydraulic performance characteristics for each of the

investigated wetland system. Throughout the discussion, it is worth

noting that  residence time may  differ between systems due to  fac-

tors such as design configuration (length-to-width ratio), season,

age of operation and the role of vegetation (which seems to have an

influence on the residence time, albeit the effect of seasons compli-

cates interpretation). The wetlands are planted with Typha latifolia

and Phragmites australis and are varying in their stage of matu-

rity during the tracer tests i.e. from very sparsely-vegetated reeds

during first year operation until maturely-developed reeds. The

hydraulic inefficiencies of a  treatment wetland may  be attributed

to the non-uniform distribution of vegetation causing non-uniform

resistance to flow (Martinez and Wise, 2003). For instance, the

reeds’ growth can be largely influenced by the seasonal variation

(growing or  non-growing season) and/or the age of the wetland

system itself e.g. year-to-year reed development. However, the

qualitative link between vegetation effect and hydraulic perfor-

mance was only through the observations of the treatment systems

monitored, though a quantitative assessment of such a  variation

would appear to  be  more useful. Furthermore, there appear to  be

multiple influences that affect the distribution of residence time in

the treatment systems because generally more than one influence

may be present, and therefore it is difficult to know exactly the

effect of one compared to the other. A  summary of the hydraulic

characteristics of the wetlands is  given in Table 1.

The RTD characteristics and performance metrics from the TIS

model for wetland systems are shown in Table 2.  An example

of tracer TIS modelling to show year-to-year changes in system

hydraulic performance of a wetland system at Lambley, Northum-

berland has been presented in Kusin et al. (2010),  which forms

part of the discussion here. The tracer RTDs are presented in the

form of normalised RTDs (Fig. 2) to  illustrate the effects of differ-

ent experimental conditions, i.e. tracer concentrations, flow rates

and duration of test between the treatment systems on tracer

RTDs. Clearly there are distinct TIS shapes between the wetland

systems, characterised by the number of TIS, n, which ranges

from 2 to 5 TIS (Table 2). These correspond (as an inverse rela-

tionship) with system dispersion number, D, which ranges from

0.104 to  0.577. In theory, a  greater n TIS  would indicate a greater

Table 1

Summary of hydraulic characteristics of wetland systems.

Variable Whittlea Whittle Allerdean Mill Strafford Mousewater Cuthill

Season of monitoring Winter Winter Spring Summer Summer Summer

Age  of system (years) 5.0 8.0 1.5 0.8 5.8 7.0

System  area (m2) 2400 2400 1066 1690 8400 2744

System  volume (m3)  721 458 224 423 2142 571

Length-  to-width ratio (unitless) 5.5 5.5 2.1 5.7 3.5 3.5/5.3e

Water depth (m)  0.3 0.19 0.21 0.25 0.26 0.21

Flow  (L/s) 25 23.07 7.91 14.04 31.9 10.61

Tracer  recovery (%)b 60.3c 82.56c 67.40c 103.57d 77.98c 67.98c

113.64d 76.58d 94.33d 71.99d

a Data from Kruse et  al. (2007).
b Calculated as the percentage of total mass recovered from the amount of tracer added.
c Denotes bromide.
d Denotes Na-fluorescein.
e L-shaped wetland, L:W ratio of first cell/L:W ratio for second and third cell.
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Fig. 2. Normalised TIS model fitted to  tracer RTD data for wetland systems plotted on the same scale for comparison. Red circles denote bromide tracer, green triangle denote

Na-fluorescein tracer. TIS are the delayed TIS  model from least squares, which represent the best fit to actual RTD data.

Table 2

RTD characteristics and performance metrics of wetland systems from the TIS model.

Treatment site Nominal

residence time,

�an (day)

Actual mean

residence time,

�m (day)

Mode, �p

(day)

Dimensionless

variance, �2
�

Dispersion

number, D

No. of

TIS, n

RTD

efficiency,

eRTD

Volumetric

efficiency, ev

Hydraulic

efficiency, e�

Whittle a0.258 0.053 0.095  0.606 0.577 1.65 0.394 0.204 0.080

Whittle a0.237 0.088 0.064  0.511 0.407 1.96 0.489 0.370 0.181
b0.240 0.102 0.078  0.506 0.400 1.98 0.494 0.424 0.209

Allerdean Mill b0.317 0.107 0.069  0.507 0.401 1.97 0.493 0.338 0.167

Strafford b0.225 0.362 0.318 0.187 0.104 5.4  0.813 1.605 1.305

Mousewater a0.742 0.698 0.320  0.238 0.138 4.2  0.762 0.941 0.718
b0.742 0.699 0.596 0.244 0.142 4.1  0.756 0.942 0.712

Cuthill a0.771 0.468 0.290  0.240 0.139 4.2  0.760 0.607 0.461
b0.771 0.468 0.289 0.247 0.144 4.1  0.753 0.607 0.457

All parameters are unitless unless otherwise stated (units in brackets).
a Tracer test using sodium bromide (NaBr).
b Tracer test using sodium-fluorescein (Na-fluorescein).
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amount of complete-mixing, and the more it approximates an ideal

plug-flow system (Persson et al., 1999). Therefore there should

ideally be a  small degree of dispersion resulted from this flow

pattern.

Individual assessment of the wetland systems using n and D

showed that the Whittle wetland (during 2007 tracer test) had the

highest dispersion number, D of 0.577 (corresponding to  n =  1.7),

while the Strafford wetland indicated the lowest system dispersion

number of 0.104 (corresponding to n = 5.4). The poor flow mixing

effect and variation from the ideal flow pattern at Whittle wetland

may be  attributable to the apparent short-circuiting across the sys-

tem following its fifth year operation. Field observation showed

that  the wetland is a  mature system with well-established reeds

and a substantial build up of dead plant material (Kruse et al., 2007).

This can lead to  the development of channels through the wetland,

and thus a  rapid transit of flow across the system, but also there is

portion of water that remained in  the system longer (i.e. the long

RTD tail). In  contrast, the Strafford system is only in its first year

operation, with notably very sparse reed growth, but the flow was

well-distributed within the system (i.e. a low dispersion number).

Note that this is in  contrast to  Lambley wetland during its first

year operation, during which the flow was very dispersed (Kusin

et al., 2010). Thus, it appears that whilst reeds may result in short-

circuiting, neither are they necessarily essential to ensuring good

hydraulic performance.

The greater flow mixing effect seen at Strafford wetland was

presumably due to the presence of deep zones and islands created

as planting blocks near the inlet and in the middle of  the wet-

land system. This results in  a  greater mixing and redistribution of

flow, and hence a more well-distributed flow across the system.

Persson (2000),  in a  simulation of surface flow wetland shapes of a

Scandinavian stormwater treatment wetland, found that an island

placed in front of the inlet improves the hydraulic performance

with respect to effective volume and degree of mixing. Thus, the

flow in the Strafford wetland was  found to  be much less dispersed

than that of Whittle wetland, despite having a fairly similar system

length to  width ratio.

3.1.2. Hydraulic performance metrics for wetland systems

The different TIS shapes resulted in the mean residence time  for

the wetlands ranging from 0.05 to  0.7 days. However, direct com-

parison of these mean residence times will not necessarily imply

efficiency of the systems e.g. longer residence time does not nec-

essarily mean an efficient system, because such a  system would

probably have a  long nominal residence time (i.e. due to  large

system volume or a relatively low flow per treatment volume).

Instead, an appropriate measure to compare between these sys-

tem residence times is  by assessing the metric of system volumetric

efficiency, ev which is a measure of mean relative to nominal res-

idence time. Generally, the wetland systems have a  range of  ev of

0.204–1.605. Again, the lowest was  found in  the Whittle wetland

during the 2007 tracer test, whilst the longest was  found in the

Strafford wetland in  the 2009 tracer test. These, apparently cor-

respond with the systems dispersion characteristics i.e. the n TIS

and D, as discussed earlier. The high ev in  the Strafford wetland

(mean residence time  60% higher than nominal residence time)

shows that the wetland system was capable of retaining a  large

proportion of water volume during flow passage through the sys-

tem, whilst enhancing a more distributed flow across the system

and thus encourage a  long water travel time. Sherman et al.  (2009)

reported a  mean residence time of 50% greater than the nominal

residence time in  a  free water surface wetland treating effluent

from a mine’s wastewater treatment plant in  Australia. However,

the reason of this larger mean relative to  nominal residence time

was not reported.
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The wetland systems’ eRTD (which is  a  hydraulic performance

metric of the dispersive flow behaviour, i.e. the extent of a  sys-

tem deviation from an ideal flow pattern) ranges from as low as

0.394 to as high as 0.813. The low eRTD,  e.g. 0.394 in Whittle wet-

land, would possibly mean that  the flow within the system appears

to be dominated by greatly dispersed fractions of flow, given by

the large system dimensionless variance of 0.606 (60% of water

was attributed to  a  deviation from its mean). Similarly, high eRTD

(e.g. 0.813 in the Strafford wetland) may  be  attributable to  a  lower

extent of flow dispersion as given by  the relatively low dimension-

less variance of 0.187 (only about 18% of the flow was attributed to

a  deviation from its mean).

As noted in Table 2, the overall hydraulic efficiency, e� ranges

between 0.08 and 1.305. Again the lowest and highest values were

found from the Whittle and Strafford wetland respectively. This

shows that the TIS model results in consistent hydraulic perfor-

mance characteristics for these treatment wetlands, e.g. greater e�

at  Strafford wetland resulted from its greater ev and eRTD,  strength-

ening the conclusion that these inter-related hydraulic parameters

(i.e. n TIS, D, �2
�

, ev,  and eRTD) are very important for determining

the overall system hydraulic efficiency. Of the two parameters ev

and eRTD, the first has a  greater impact on the system hydraulic

efficiency, e� (ev; R2 = 0.998, eRTD; R2 = 0.861 both p <  0.05). This

would mean that a hydraulically more efficient system would be

achieved if a  longer mean relative to nominal residence time pre-

vails, thus providing greater potential for pollutant attenuation and

degree of treatment received. Discussion on a  site-to-site basis of

the other wetland systems is  not included here because the reason

for the differences in system dispersion characteristics is generally

due to the presence of flow short-circuting effects, creating a  sig-

nificant deviation from ideal flow patterns, as characterised by  the

n TIS and D.

3.2. Lagoon systems

3.2.1. RTD characteristics for lagoon systems

As with the wetland systems, the TIS model fitted to actual tracer

RTD data for lagoon systems are shown in  the normalised forms

and are illustrated on the same scale for comparison (Fig. 3). As

before, only the best TIS fit are displayed for each RTD from the

treatment lagoons. A summary of lagoon hydraulic characteristics

is given in Table 3.  The lagoons show a relatively greater extent of

system dispersion compared to  wetland systems as characterised

by the greater dispersion number, D, and the lower number of TIS,

Fig. 3. Normalised TIS  model fitted to tracer RTD data for comparison in wetland systems. Red circles denote bromide tracer, green triangle denote Na-fluorescein tracer.
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Fig. 3. ( Continued )

n.  Overall, the lagoon systems have D in the range 0.173–0.976,

which corresponds (as an inverse relation) with n TIS of between

2 and 3 TIS (Table 4). Note that the resulting parameters from the

parallel TIS model were not accounted for in  this comparison. Two-

path flow pattern is apparently seen from Bates (left) lagoon 2 and

Strafford lagoon; when a  parallel path model is  warranted, this

suggests that there is something seriously wrong with the system

that needs improvement (Kadlec and Wallace, 2009). Therefore,

for consistency these systems were excluded for comparison of

system hydraulic characteristics resulting from the TIS model. The

highest D of 0.976 (the system with greatest dispersion from ideal

plug-flow) was observed in  the Acomb east lagoon (2007), which

corresponds with n =  1.4, while the lowest D  of 0.173 was  found in

Bates (first lagoon on the left side) which corresponds with n =  2.95.

These reflect the apparent short-circuiting of flow as seen from the

very sharp and quick peak of RTD from the Acomb east lagoon.

3.2.2. Hydraulic performance metrics for lagoon systems

The resulting mean residence times for the lagoons were found

to be in the range of 0.159–0.952 days. The system volumetric

efficiency, ev,  which is  used to  compare between the mean rela-

tive to  nominal residence times ranged from 0.07 to  0.745. The

lowest ev was found in the Mousewater lagoon, while the highest

was found in  the Bates lagoon (the second lagoon to the right side).

The comparatively low ev found in the Mousewater lagoon was

presumably due to  a  relatively low mean residence time compared

to  the nominal residence time coupled with the large volume of  the

system. Such a  skewed RTD, with n =  1.4, suggests that  the effect of

flow short-circuiting was  also pronounced within this system and

hence a  large fraction of water was rapidly transmitted across the

surface of the lagoon.

The greater dispersion characteristics of the lagoons have

resulted in a  relatively lower system RTD efficiency, eRTD

(0.265–0.714), compared to wetland systems. These correspond (as

an inverse relationship) to system dimensionless variance, �2
�

, of

0.286–0.735. The greatest estimated dispersion in a lagoon sys-

tem, �2
�

=  0.735 and eRTD = 0.265, was  found in  the Acomb east

lagoon during the 2007 tracer test. The reason for this was  likely

due to  the fact that this lagoon system received a very high influ-

ent iron concentration (approximately 40 mg/L). This was coupled
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Table 4

RTD characteristics and performance metrics of lagoon systems from the TIS model.

Treatment site Nominal

residence time,

�an (day)

Actual mean

residence time,

�m (day)

Mode, �p

(day)

Dimensionless

variance �2
�

Dispersion

number, D

No. of

TIS, n

RTD

efficiency,

eRTD

Volumetric

efficiency,

ev

Hydraulic

efficiency,

e�

Acomb (E) 2007 b1.944 0.433 0.027  0.735 0.976 1.36 0.265 0.285 0.075

Acomb  (W)  2007 b2.082 0.382 0.192  0.498 0.388 2.00 0.502 0.183 0.092

Acomb(E) 2009 b1.981 0.505 0.235  0.549 0.467 1.82 0.451 0.255 0.115

Acomb  (W)  2009 b2.082 0.734 0.347  0.528 0.433 1.90 0.472 0.353 0.167

Whittle 2007 b0.605 0.179 0.095  0.510 0.405 1.96 0.490 0.295 0.145

Whittle 2009 a0.642 0.269 0.138  0.575 0.514 1.74 0.425 0.419 0.178
b0.642 0.278 0.145  0.570 0.504 1.75 0.430 0.433 0.186

Bates (R) 1 a0.918 0.281 0.184  0.346 0.222 2.89 0.654 0.306 0.200

Bates (R) 2 a0.881 0.656 0.404  0.411 0.284 2.43 0.589 0.745 0.439

Bates (L) 1 a1.237 0.516 0.355  0.286 0.173 2.95 0.714 0.417 0.297

Bates (L) 2 ac0.108 0.227 0.208 0.208 0.118 4.8 0.792 2.098 1.661
c0.409 0.448 0.496 0.079 0.041 12.6 0.921 1.095 1.008
c0.547 0.545 0.504 0.228 0.131 4.4 0.772 0.997 0.769
d1.234 1.144 0.953 0.168 0.093 5.9 0.832 0.928 0.772

Strafford ac0.891 0.352 0.216 0.195 0.109 5.1 0.805 0.395 0.318
c0.672 0.663 0.551 0.170 0.094 5.9 0.830 0.987 0.820
d1.564 0.795 0.322 0.594 0.552 1.7 0.406 0.508 0.206

Allerdean Mill a1.554 0.952 0.610  0.385 0.257 2.6 0.615 0.612 0.377

Mousewater a2.285 0.159 0.083  0.730 0.973 1.4 0.270 0.070 0.019
b2.285 0.211 0.108  0.727 0.959 1.4 0.273 0.093 0.025

Cuthill a1.185 0.552 0.296  0.519 0.419 1.9 0.481 0.466 0.224
b1.185 0.622 0.259  0.465 0.345 2.2 0.535 0.525 0.281

Italicise values are excluded from the comparison of system hydraulic performance (not valid for TIS model comparison). All  parameters are  unitless unless otherwise stated

(units  in brackets).
a Tracer test using sodium bromide (NaBr).
b Tracer test using sodium-fluorescein (Na-fluorescein).
c Resulting parameters from parallel TIS model (two-paths modelling approch (Chazarenc et al., 2003)).
d Resulting parameters from moment analysis.

with hydrogen peroxide dosing into the lagoon system to  provide

greater oxidation and hence precipitation of the iron, which ulti-

mately settles as iron hydroxides, and in turn largely accumulate at

the bottom of  the lagoon. This appeared to favour development of

significant preferential flow paths across the surface of the lagoon,

which resulted in a very quick, skewed RTD peak of the tracer. This

effect was reduced during the 2009 test, following sludge removal

in 2008, when a lower dimensionless variance, �2
�

(0.549), and a

greater mixing efficiency, eRTD (0.451), was evidenced. The Acomb

east lagoon volumetric efficiency was improved during 2009, with

more volume being involved during flow-through, and an overall

improvement in  system hydraulic efficiency, i.e. e� from 0.075 to

0.115. Therefore regular ochre sludge removal/dredging is impor-

tant as to maintain or improve hydraulic performance, and the

discussion above quantifies the level of this improvement.

Overall, the lagoon systems have values of e� from as low as

0.019 to as high as only 0.439. The lowest value was  found at the

Mousewater lagoon, while the highest was found in Bates (the sec-

ond lagoon to the right side). Clearly, this was reflected by the

metric of ev where system volumetric efficiency is  of substantial

importance to the overall lagoon hydraulic efficiency (ev; R2 =  0.953,

eRTD; R2 = 0.849 both p <  0.05).

3.3. Implications for the design and maintenance of mine water

treatment systems

General trends (i.e. mean data for all wetlands compared to

mean data for all lagoons) showed that efficient treatment per-

formance for iron removal corresponds with greater hydraulic

efficiency in wetlands compared to lagoon systems. The greater

hydraulic efficiency in wetlands was mainly attributed to a  greater

volumetric efficiency in the wetland systems, which thus results

in a longer relative mean residence time for retention and attenu-

ation of iron. On average, 83.86% of iron load is removed from the

treatment wetlands compared to 45.36% in lagoons (Table 5).

For lagoons, residence time is an important variable for the

design of such systems. Current observations showed that low

actual residence time in the lagoons seems to be an impediment

to further improvements in treatment performance. Therefore,

performance can be optimised by ensuring a greater volumetric

efficiency (hence residence time). Based on the experiences of the

tracer tests, this appears to be achievable by providing a  large

length-to-width ratio system (up to a ratio of 4.7), but  also a  greater

depth (i.e. maximum of 3.0 m),  though only if systems are regularly

maintained i.e. dredged. Greater L/W was found to  significantly cor-

relate to greater depth, although this may  imply a  coincidence of

engineering design rather than any sort of cause and effect. For

wetlands, the use of area-adjusted removal rate formula appears to

work well for the design of aerobic wetlands, despite the observed

concentration-dependence of iron removal processes. This was

shown by the hydraulic performance and treatment efficiency of

the wetland systems which is  far better than lagoon systems.

Nevertheless, first-order removal formula (TIS basis) would

appear to be  a more appropriate approach to the design of mine

water treatment systems since it takes account of the flow pattern

effect on pollutant removal processes, in  addition to the first-order

kinetics (concentration-dependence) of iron removal. For the sys-

tems studied, it has been showed that it is appropriate to take

account of both the flow pattern effect and first-order kinetics in

designing lagoons and wetlands. However, there is  no evidence

from actual systems to show whether such criteria (residence time

and treatment area) estimated from a  TIS  first-order approach

would enhance removal efficiency and hydraulic performance.

Regular sludge removal (yearly), particularly from lagoons, is

very important because of rapid depth reduction due to  build up

of ochre and debris (7–49% effective depth reduction per year).

Such ochre accumulation significantly reduces the effective vol-

ume  of the systems (which is  especially pronounced in lagoons),

whereby apparent streaming effects result in very short residence

times in  the systems, and hence reduce the time available for
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Table  5

Summary iron removal for coal mine water treatment systems.

Lagoon Wetland

Mean (S.E.) Median Min/Max Mean (S.E.) Median Min/Max

Fe in (mg/L) 18.27 (2.79) 18.12 4.36/34.1 7.59 (1.56) 6.70 3.01/20.8

Fe  out (mg/L) 8.85 (1.46) 6.45 1.30/24.88 0.88 (0.12) 1.01 0.11/1.7

Flow  in (L/s) 33.30 (9.01) 17.95 5.85/83.32 34.40 (7.96) 24.04 7.91/84.83
aFe loading rate (kg/d) 35.39 (7.66) 18.41 3.77/128.95 20.58 (4.71) 14.82 2.06/47.92
bFe removal efficiency (%) 44.50 (5.42) 49.36 13.88/85.19 85.42 (2.71) 85.11 57.66/98.60
cFe load removal (%)  45.36 (5.11) 46.38 13.88/85.19 83.86 (3.55) 85.45 47.69/99.01

Data present mean data and standard error of mean (S.E.) in parenthesis, median, and minimum (min) and maximum (max) values of performance data for lagoons and

wetlands  (n = 14 for lagoon and 10 for wetland).
a Calculated as Q × Inf  Fe; where Q  =  flow rate (L/s).
b Calculated as (Inf Fe  −  Eff Fe)/Inf Fe ×  100.
c Calculated as Q(Inf Fe − Eff Fe)/Q*Inf Fe × 100.

pollutant attenuation. In wetlands, thinning of reeds is also

important to maintain effective flow movement so as to  prevent

short-circuiting effects, although at the same time the presence

of reeds appears to provide significant potential for physical fil-

tering of precipitated iron hydroxide and adsorption onto living

and dead plant material. Thus, thinning of reeds is  recommended

whenever apparent channelisation would otherwise dominate the

flow pattern, and therefore limits the capacity for adsorption and

settlement of precipitated iron hydroxide.

4. Conclusions

The TIS modelling approach has been successfully applied to

charaterise the flow patterns in  UK passive mine water treatment

systems. Delayed TIS from least squares method yielded the best

fit to actual RTDs, since it took account of the transport delay often

encountered in tracer detection. This modelling approach served

as the basis for computing the system hydraulic efficiency.

Variations in flow pattern have a  significant impact on the

residence time distribution across the systems. The tracer flow

modelling showed that both  lagoons and wetlands were greatly

dispersed from an ideal plug-flow pattern (D  >  0.01). This effect was

more pronounced in lagoons. The lagoon systems had dispersion

in the range of 0.17–0.97, whereas wetlands had dispersion in the

range 0.10–0.58. These correspond (as an inverse relationship) with

n in the range 1.4–2.95 in  lagoons and between 1.65 and 5.4  in  wet-

lands. Accordingly, lagoons had hydraulic efficiency in  the range

0.02–0.44, whilst in  wetlands hydraulic efficiency ranged between

0.08 and 1.31 (mean of 0.20 for lagoons compared to  0.66 for

wetlands). Clearly, hydraulic efficiency is much lower in lagoon sys-

tems. This reflects the more dispersed flow patterns within lagoon

systems (i.e. portions of water that exit the system fast and also

portions that leave the system more slowly, i.e. the long RTD tails).

Additionally, the presence of dead zones with large amount of ochre

sludge has significantly reduced much of the lagoon’s effective vol-

ume  (and hence residence time). Regular sludge removal (yearly) is

therefore recommended if efficient hydraulic performance is  to be

maintained, because lagoon depth and volume appeared to rapidly

decrease over time due to  accumulation of ochre and debris. Pro-

viding a large L/W ratio lagoon system with also a greater depth

may help improve volumetric efficiency (and hence longer resi-

dence time for greater iron attenuation) though only if systems are

regularly maintained i.e. desludged.

Regardless of  wetlands or lagoons, the flow patterns across

the studied systems are characterised by the n TIS of 1.4–5.4,

which corresponds to  dispersion number, D, of 0.10–0.97. These

can be compared to  a number of instances from the United States,

Australia, Spain and France for which n is  between 0.3 and 10.7

for free water surface (FWS) wetlands (Kadlec and Wallace, 2009).

Interestingly, none of these FWS  systems as summarised by Kadlec

and Wallace (2009) receive polluted mine water. The results from

this study have  successfully situated the coal mine water treat-

ment systems in  the UK within the range of typical wetlands (for

wastewater, stormwater and agricultural treatment) based on the

hydraulic performance characterisation from the TIS model.
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