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Abstract Presence of springs in karst terranes provides a
unique opportunity to study the rather complex, multi-
porosity, and multi-permeability system. When springs are
used to evaluate the integrity of storage facilities for haz-
ardous materials or waste disposal facilities constructed in
karst areas, the spatial heterogeneity of karst aquifers
makes intra-spring comparisons preferred statistical tests.
One of the commonly used statistical tests is water quality
control procedure such as Shewhart-CUSUM control
charts. Appropriate application of the water quality control
procedure to intra-spring monitoring depends on whether
the assumptions can be justified about the aquifer that
drains to the spring and the dataset collected at the spring.
Violation of the assumptions would render the statistical
tests invalid, which may result in a failure of the ground-
water monitoring program. In intra-spring monitoring, it is
the temporal variations of water quality at a karst spring
need to be addressed, whereas the water quality at the
spring is closely associated with the characteristics of the
aquifer. The example datasets presented in the paper
indicate that both false negative and false positive detec-
tions can occur if the temporal variation is not well char-
acterized.
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Introduction

Most naturally discharging groundwater from karst aqui-
fers occurs from springs. They are natural exits for
groundwater to the surface. Based on characteristics of
outflows, controlling factors on formation of springs, and
responses to recharge events, karst springs have been
classified into many types (LaMoreaux and Tanner 2001;
Bonacci 1987). Although each spring is unique from oth-
ers, one common characteristic for karst springs is their
dynamic nature. The synergistic relationship between cir-
culation of water and dissolution of soluble rocks tends to
lead to such geologic changes as lowering of water levels,
enlargement of fractures/conduits, and formation of new
springs (LeGrand and LaMoreaux 1975). A perennial
spring once draining a whole karst aquifer may become an
overflow spring that stops flow during low-flow conditions.
The differential solution process, the greater the water flow
the greater the dissolution, has the potential to create a
hierarchy of porosities and permeabilities in karst aquifers.
As karst development becomes mature, a majority of water
tends to flow through a few conduits and discharge at a few
large springs. Karst springs are products of and closely
related to the inexorable dissolution processes of the sol-
uble rocks. Karst springs may discharge the full flow of a
drainage basin or share the discharge with other springs as
part of a distributary network.

The presence of springs in a karst terrane provides a
unique opportunity to understand the rather complex,
multi-porosity, and multi-permeability system. Tradition-
ally, monitoring of karst springs has been used to charac-
terize the karst aquifer for purposes of evaluating water
resource and preventing or remediating contamination of
the karst aquifers. Data recorded at karst springs offers
considerable potential insight into the nature and operation
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of a karst drainage system. The characteristics of the out-
flow hydrograph recorded at a spring, including the shape,
pattern, and rate of recession, provide invaluable infor-
mation on (a) the storage and structural characteristics of
the aquifer system sustaining the spring; (b) the compo-
nents of autogenic and allogenic inputs at the spring; (c) the
percentage of conduit flow versus diffuse flow or fracture
flow; and (d) the characteristics of the spring drainage
basin.

Water-quality monitoring at a spring is another impor-
tant aspect of spring monitoring. The chemographs re-
corded at a spring provide additional information on the
aquifer system, as well as the characteristics of solute
transport of various water-quality parameters. The water-
quality data can be used to determine (a) the residence time
of groundwater, (b) potential anthropogenic impact on the
spring, (c) remediation plans if the aquifer sustaining the
spring is contaminated, and (d) whether groundwater
remediation has met pre-established cleanup standards at a
contamination site.

A second purpose of monitoring of karst springs is to
evaluate the integrity of storage facilities for hazardous
materials or waste disposal facilities constructed in karst
areas to minimize possible impacts on receiving waters.
Construction of these facilities requires not only extensive
hydrogeological and geophysical investigations, ecological
evaluation, sinkhole risk assessment, but also an effective
groundwater monitoring program. Such groundwater
monitoring programs are normally driven by regulatory
requirements as a means of detecting statistically signifi-
cant changes in water quality resulting from releases to
aquifers by operation of these facilities (EPA 1991).
Monitoring of karst springs can be and should be a com-
ponent of a groundwater monitoring program. Based on
several decades of experience working in karst areas,
Quinlan (1990) concluded that ‘‘the only relevant locations
to monitor groundwater quality in a karst terrane are
springs, cave streams, and wells that have been shown by
tracing tests to include drainage from the facility to be
monitored-rather than at wells to which traces have not
been run but which were selected because of their conve-
nient downgradient locations.”” In some circumstances
karst aquifers may present monitoring and remediation
environments that are technically superior to most granular
aquifers because all discharges are through springs (Ewers
et al. 1998). American Society for Testing and Materials
(ASTM) recommends karst springs as alternative moni-
toring points when monitoring wells are unable to provide
groundwater samples representative of the aquifer (ASTM
1995).

Spring monitoring is meaningful when the data collected
at the spring can be used for its intended purposes. Pro-
grams for spring monitoring for landfill evaluation should
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include sampling and analysis procedures to consistently
monitor groundwater quality at selected springs and sta-
tistical evaluation plans to make intelligent decisions on the
integrity of the landfill. Hydrologic connections between a
landfill and a spring do not automatically guarantee that the
spring is monitorable. Other waste disposal facilities in the
drainage basin of the spring should be carefully invento-
ried, and the background water-quality data at the spring
should be evaluated. Whether robust statistical tests can be
developed for the spring is another important factor to be
considered.

Statistical analysis is one tool that geologists and engi-
neers use to determine water quality changes at a facility
site. Statistical tests are not intended to be used in isolation
of other types of meaningful evidence about a site impact.
It is important to use statistical analysis in the context of
the site’s hydrogeology to obtain meaningful results.
However, the approach that is used to evaluate the landfill
integrity determines how a groundwater monitoring pro-
gram is implemented. A recent study on over 20 landfills
indicates that the statistical choices significantly impact the
facilities’ groundwater monitoring efforts (Horsey et al.
2001). Different statistical tests make different assumptions
about the site hydrogeology and the properties of the data
population. Misunderstanding these implicit assumptions
can lead to a failure of the entire groundwater monitoring
program.

Invalidity of inter-location comparisons
in karst terranes

Landfill integrity is often evaluated by data comparisons,
either inter-location comparison between up-gradient and
down-gradient monitoring locations, or intra-location
comparison within each of the down-gradient monitoring
locations (Gibbons 1994). In inter-location comparisons,
the water quality data collected at the up-gradient wells
represents those not impacted by the landfill facility, while
the down-gradient wells work on the assumptions that they
intercept any contaminant release from the facility. Such a
well-to-well comparison assumes that the hydrogeologic
conditions in the aquifer being monitored are contiguous
and uniform, and potential contaminants disperse down-
gradient as a plume.

However, these assumptions are not appropriate in karst
terranes, where significant spatial variation in water quality
often occurs. Karst aquifers consisting of voids of various
sizes are often modeled as storage reservoirs penetrated by
trunk conduits (Smart 1999). In response to recharge
events, conduits permit exceptionally rapid transfer of
water and chemical constituents, while the storage reser-
voirs (fractures and matrix blocks), which contain the
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majority of water in the karst aquifer, slowly adjust to
autogenic recharge from sinkholes and backflooding from
the primary conduits. During recession periods, the head
loss in conduits is often much lower than that in the sur-
rounding fractures or matrix blocks, and the water stored in
the matrix gradually drains into the conduits to sustain the
spring flow. If time permits, equilibrium between the water
in the conduits and that in the matrix occurs, and a unified
water level is obtainable. The constant exchanging process
also leads toward equilibrium between the chemical con-
stituents within the conduits and matrix. The data collected
at different locations is not readily comparable if the
monitoring wells intercept different types of porosities in
the aquifer.

Groundwater in karst flows through discrete paths. Un-
less one of the down-gradient wells intercepts a conduit
that receives water from the landfill site, the wells may not
effectively detect any leakage. When springs are used as
down-gradient monitoring locations, the scaling effect
makes the inter-location comparison even less viable. Data
collected at an up-gradient monitoring well may represent
the background conditions immediately around the well,
whereas data collected at a spring may be representative of
a more regional drainage network. Many studies have
indicated that permeability in karst aquifer increases with
the size of measurement volume, and that the largest values
result from analysis of data collected at springs (Sauter
1992). As a result, the dynamic responses (magnitude and
lag time) to recharge events can be very different between
the up-gradient well and the down-gradient spring. Under
such conditions, it is difficult, if possible at all that the
background-to-compliance comparisons discern between
differences caused by spatial variation and differences
caused by a facility impact. Inability of separating the
natural variations from water-quality data may lead to
erroneous conclusions about facility impacts if an inter-
location comparison is used.

Secondly, inter-location comparisons require pooling of
a large sample size of data over time to meet the minimum
compliance sample requirements (Gibbons 1994). Col-
lecting multiple samples within a single reporting period
compromises the statistical requirement that the samples be
physically independent. A lack of sample independence
leads to reduced variability and ultimately to increased
false positives. The site-wide false positive rates increase
with the number of statistical tests being performed. If an
inter-location statistical test is performed at two locations
on ten constituents at a 5% false positive rate per constit-
uent, the site-wide false positive rate can be calculated by
1 - (1-5%)*, ie., approximately 64%. Consequently,
many facilities have more than a 50% chance of one or
more false positives in each reporting period. The site-wide
false positive rate is critical because the finding of a

statistically significant difference can potentially move a
facility into retesting and/or assessment monitoring.

Intra-spring comparison

An intra-location analysis is fundamentally different from
the inter-location analysis. While the inter-location analy-
sis compares compliance locations against a background
composed of up-gradient well data, the intra-location
analysis compares each compliance point against a back-
ground composed of its own historical data. When an intra-
location analysis, however, is used in a detection moni-
toring program, the implicit assumption is that the histor-
ical data that is used as background has not been impacted
by the facility or any other facilities. The problem becomes
complicated if the groundwater monitoring begins after
waste had been placed at the facility or the spring to be
monitored has been contaminated. The historical data
needs to be proved to be ‘‘clean’’ before an intra-location
analysis can be used.

The intra-location analysis eliminates the problems
associated with the heterogeneity of a karst system. It
identifies changes over time at a compliance point instead
of changes between locations. The ideal situation to
implement an intra-location analysis is at a new facility
prior to the placement of any waste. Samples taken at
compliance points prior to waste placement can be used to
develop the intra-location limits.

When springs are used as the compliance points for intra-
location analysis, it is aptly referred to as intra-spring
comparison. The watersheds that drain to the springs should
be thoroughly investigated to ensure that the springs could
be monitored for the intended purposes. Monitoring springs
need to be proved to drain the groundwater from the dis-
posal facilities through tracer or other equivalent tests.
Some large springs such as deep siphonal or vauclusian
springs may not be suitable for such a purpose because of
their large drainage basins, in which many factors may af-
fect the water quality at the springs. The water quality
change caused by disposal facilities may not be significant
enough to be detected. Springs that have relatively small
and isolated drainage basins are more monitorable.

In intra-spring comparisons, it is the temporal variations
rather than spatial variations in the monitoring data that
challenge the development of robust statistical tests.
Measured water-quality characteristics at springs may vary
at time scales of hours, days, seasons, years, and even
decades because of both natural and anthropogenic influ-
ence. Results from an intra-spring statistical test are
meaningful only when the characteristics of the data pop-
ulation conform to the assumptions of the statistical
methods.
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An intra-spring statistical test is to determine whether
statistically significant increases over background levels
have occurred at monitoring springs. The statistical test
results alone cannot be used to conclude that a waste dis-
posal facility has or has not impacted groundwater (ASTM
1998). But statistically significant increases indicate that
the new measurements at the spring are inconsistent with
chance expectations based on the background data. If a
significant increase occurs, additional investigations or
regulatory actions are often required (EPA 1991). Realistic
and workable statistical tests need to be carefully designed
to minimize both false positive and false-negative rates.

Combined Shewhart-CUSUM control charts

Statistical tests are performed following each sampling
event. Over the operating life of a landfill facility, a se-
quence of decisions, rather than just one decision, is made.
The one-decision case is a test of a hypothesis situation in
which the significance level is considered. Where decisions
are made sequentially over time, one deals with quality-
control schemes. Quality-control schemes have proved
successful in many industrial applications (Lucas 1982,
1985; Lucas and Crosier 1982). Shewhart control charts,
cumulative sum (CUSUM) control charts, and combined
Shewhart-CUSUM control charts are typical graphical and
statistical methods of assessing the performance of a sys-
tem over time and have been widely used to maintain
process control (Ryan 2002; Montgomery 1997).

Combined Shewhart-CUSUM control charts are studied
by Starks (1988) for their applications to landfill monitor-
ing. They are the statistical procedures directly recom-
mended by US EPA (1989, 1992) and ASTM (1998) for
intra-location monitoring. As implied by its name, a com-
bined Shewhart-CUSUM control chart is a mixture of two
statistical schemes: Shewhart control scheme and CUSUM
control scheme. The Shewhart control scheme is better than
the CUSUM scheme in quickly detecting a large shift in the
mean; whereas, the CUSUM scheme is usually faster in
detecting a small change in the mean that persists (Lucas
1982). Because landfills constructed in karst terranes are
potentially threatened by sinkhole collapses and by less
severe types of leakage, both large and small changes may
occur in the water-quality data. The sensitivity to both
gradual and rapid releases of contaminants makes the
combined scheme the choice of statistical tests for intra-
spring monitoring in karst terranes.

In terms of individual applications of the decision rule
in each sampling period, quality control scheme considers
the distributions of run-lengths rather than the probabilities
of Type I and II errors (Starks 1988). An in-control run
length is the number of sampling periods from start-up
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until a decision is made, on the basis of water sample
measurements, that additional regulatory action is required
when, in fact, there is no leakage from the landfill. An out-
of-control run length is the number of sampling periods
from the time that a pollutant plume originating from the
landfill discharges at the spring until a decision is made
that additional regulatory action is required. Naturally, one
wants to use a quality-control scheme that has, on average,
long in-control run lengths and short out-of-control run
lengths.

Design of a combined control chart requires the deter-
mination of the following five parameters:

X: Estimated mean of a water-quality parameter from
background samples.

S: Estimated standard deviation of a water-quality
parameter from background samples.

h: The value against which the cumulative sum will
be compared.

k: A parameter related to the displacement that should

be quickly detected.
The upper Shewhart limit, which is the number of
standard deviation units for an immediate release.

SCL:

For a new measurement x; of a water-quality parameter i,
the standardized difference z; is calculated by

u X )

3 =

And, the cumulative sum Y; is calculated by
Y; = max[0, (z; — k) + Y;_1] (2)

In practice, Yy = 0 (Gibbons 1999), which ensures that
only cumulative increases over the background are con-
sidered. If a process is in control, the quantity z; in Eq. (1) is
approximately distributed as a N(0,1) random variable and
bounces around 0. The quantity z; — k in Eq. (2) bounces
around —k. As a result, the upper cumulative sum Y; will
tend to bounce around O (Millard and Neerchal 2000).

The procedures can be illustrated by plotting the values
of Y; and z; against t;. An out-of-control situation is de-
clared on sampling event i if for the first time, the cumu-
lative increase of one water-quality parameter over its
background Y; = & or z; = SCL.

Assumptions in combined Shewhart-CUSUM
control charts

The combined Shewhart-CUSUM control chart procedure
assumes that the data are independent and normally
distributed with a fixed mean and constant variance.
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Interdependence tests

The most important assumption is independence. Violation
of this assumption would render selected statistical tests
invalid, unless appropriately compensated for. In porous
medium aquifers where groundwater moves slowly, col-
lecting independent samples may be challenging. However,
in karst aquifer, groundwater moves relatively quickly, the
challenge of collecting independent samples becomes less
for springs, especially those that drain small areas.

An event is said to be independent of another event
when the occurrence of one does not affect the occurrence
of another. Spring peak flow rates separated by a long
period of time may be independent, but two peaks close to
one another are not. This is true when the recession limb of
the first hydrograph at a spring becomes part of the rising
limb of the next hydrograph. Natural and anthropogenic
effects tend to cause conditions in which consecutive
measurements are correlated. The natural and anthropo-
genic processes controlling groundwater quality and the
methods for sampling, processing, and analysis often cause
problems with autocorrelation. Autocorrelation is also re-
ferred to as serial correlation or correlation—the depen-
dence of residuals in a time sequence because data reflect
the effects of preceding conditions. Time-series effect may
also occur between subsequent samples within individual
sampling events. Autocorrelation can be important because
it affects the optimization of regression coefficients, affects
estimates of population variance, invalidates results of
hypothesis tests, and produces confidence and prediction
intervals that are too narrow for the real population being
sampled.

Independence tests can be accomplished by calculating
the residence time of water discharging at a spring. Resi-
dence time is effectively the average amount of time a
particular substance travels within the groundwater system.
The average residence time is related to flow conditions
and various transport processes. It is important to select the
most representative ‘tracer’’ for its calculation. Specific
conductance (SC) measured at karst springs has long been
considered as a representative and sensitive parameter to
characterize karst aquifers (Quinlan et al. 1991). When SC
at karst springs is one order of magnitude higher than SC in
the precipitation, SC is a reasonable tracer for residence
time calculation. Factors affecting the spring response in
SC to recharge events include total precipitation, precipi-
tation intensity, and antecedent aquifer conditions.
Figure 1 shows typical variations of SC over six hydro-
graphs at a karst spring. Because discharge at karst springs
changes in response to rain events, the residence time is not
a single value but a distribution. Calculation of residence
time based on SC measurements needs to determine the
beginning and ending times of a storm event. Defining of

the beginning and ending times can be sometimes difficult
because of the base flow at springs and the complex re-
sponses to storm events. The spring at which the data in
Fig. 1 were collected drains a relatively isolated area; thus
the residence time is short, with the average varying from
0.2 to 9 days. The residence time distribution thus calcu-
lated provides general guidelines for selection of inde-
pendent sampling events. For springs that drain a large
area, the residence time estimation can be more compli-
cated.

Normality tests

The assumption of normality is another concern in com-
bined Shewhart-CUSUM control charts. If the measured
data does not follow normal distribution, natural log or
square root transformation or other methods should con-
ducted prior to developing the control charts. The null
hypothesis for all tests of normality is that the data are
normally distributed (Helsel and Hirsch 2002). Rejection of
this hypothesis indicates that it is doubtful that the data are
normally distributed. However, failure to reject the
hypothesis does not prove that the data are normally dis-
tributed, especially for small sample sizes. It simply says
that normality cannot be rejected with the evidence at hand.
Several methods for testing normality of environmental
data including empirical cumulative distribution function
plots, probability plots, and Shapiro-Wilk goodness-of-fit
tests are described by Gibbons (1994) and EPA (1992). No
single method, however, is suitable for generic use because
of the complexity in data patterns.

Very often data collected at karst springs are not sym-
metrical around a mean because combined effects of a
lower bound of zero, censoring, and meaningful outliers.
The distribution of data is characterized by a right tail
extended and a left tail truncated. The effect of censored
data can be especially problematic for interpretation of
water-quality data. Laboratory detection limits change with
time and can be dramatically different from laboratory to
laboratory and may even be different from method to
method within a laboratory. Detection-limit artifacts affect
statistical properties of individual data sets. When a data
set contains values reported as less than one or more
detection limits an overestimation of central-tendency
measures and an underestimation of dispersion measures
will be caused by truncation of the lower tail of the true
population. Because the relative uncertainty in the accu-
racy and precision of individual values tend to increase as
reported concentrations approach the detection limit, the
percent error expected for measurements near detection
limits is much higher than for values well within the
measurement range of the method of analysis (Tasker and
Granato 2000).
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Fig. 1 Variations of specific conductance measured at a karst spring in response to various storm events

Gibbons and Coleman (2001) indicate that the specific
amount (or percentage) of censoring for any given
parameter is a key factor in determining how the censored
data for that parameter should be handled. A commonly
used method, for handling low levels of censored data is to
use a simple substitution method where half of the detec-
tion limit (Cpy) is used in place of the censored value (EPA
1989). This procedure generally yields reasonable results in
most cases when censoring is <20%. However, Gibbons
and Coleman (2001) propose that the quantitation limit
(CqL) be used as the censoring mechanism instead of the
DL because values above the Cpy, and below the Cq, are
detected but not quantifiable, and use of the Cp; produces
data with a wide variety of uncertainty and also violates the
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assumption of homoscedasticity (Gibbons and Coleman
2001).

Water quality at karst springs tends to be related to
discharge. When a compound is present at unquantifiable
values for all the samples within a sampling event, the Cqr,
is considered as the maximum concentration when the
discharge is the smallest. The concentrations of the samples
collected at other times can be calculated by multiplying
CaL by the ratio of the minimum discharge over the dis-
charge at the sampling time. The calculated concentration
is a value below the Cgy..

Outliers produce a host of potential problems as well for
interpretation of data sets at karst springs. Outliers can
arise from a variety of sources including transcription
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errors, inconsistent sampling procedures, instrument failure,
calibration or measurement errors, and underestimation of
spatial or temporal variability. The presence of meaningful
high-end outliers (actual but extreme values) contributes to
the positive skew and is a factor producing non-standard
distributions. High-end outliers represent times when, for
example, regulatory criteria may be exceeded and the health
of the local ecosystems may be affected.

If an outlier is discovered in a dataset, measurement and
documentation of explanatory variables such as precipita-
tion and flow; real-time measures of water-quality char-
acteristics such as SC, pH, temperature, and turbidity, use
of ratios between constituents of interest, and results from a
comprehensive quality assurance/quality control (QA/QC)
program can be used to identify and explain the outlier in
terms of the potential effect of real physicochemical pro-
cesses as opposed to the effect of sampling artifacts. Be-
cause of the complexity in sampling and analysis at
springs, strict QA/QC measures are required to ensure the
meaningful outliers not to be excluded in statistical anal-
yses. Elimination of outliers is a dangerous and unwar-
ranted practice for the interpretation of water-quality data
at karst springs, unless one has substantial objective evi-
dence demonstrating that the outliers are not representative
of the population under study. If outliers are not handled in

Sampling event #1

Calcium Concentration (mg/l)

50 0
11/8/2000 11/9/2000 11/9/2000 11/9/2000 11/9/2000 11/10/2000 11/10/2000

Date (mm/dd/yyyy)

—&— calcium ——discharge

Sampling event #3

Calcium Concentration (mg/l)

50 [

1/29/2001 12:00 1/31/2001 0:00 2/1/2001 12:00 2/3/2001 0:00 2/4/2001 12:00

Date & Time (mm/dd/yyyy hh:mm)

l+calcium —+—discharge ]

Discharge (Ipm)

2/6/2001 0:00

Fig. 2 Calcium chemographs in nine sampling events at a karst spring

an appropriate manner, unwanted and potentially unnoticed
bias in statistical interpretations can occur, which could
result in false-positive and/or false-negative detections.

Parameters in combined Shewhart-CUSUM
control charts

Parameters h, k, and SCL

EPA (1989) recommends using SCL =4.5, k=1, and
h = 5, based on the recommendations of Lucas (1982) and
Starks (1988). These values are suggested because they
allow a displacement of two standard deviations to be de-
tected quickly (EPA 1992). For easy application, ASTM
(1998) suggested the use of h = SCL =4.5, which is
slightly more robust in detecting leakage and thus reducing
the rate of false negatives. When the number of back-
ground sampling events is more than 12, Starks (1988) and
EPA (1992) suggest using k = 0.75 and h = SCL = 4.
Unlike prediction limits, which provide a fixed confi-
dence level (e.g., 95%) for a given number of future
comparisons, control charts do not adjust for the number of
future comparisons. The selection of 7 = 5, SCL = 4.5, and
k =1 is based on US EPA’s own review of the literature
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Fig. 2 continued

and simulation (Lucas 1982; Starks 1988). Since 1.96
standard deviation units correspond to 95% confidence on a
normal distribution, there is approximately 95% confidence
for this method as well for each comparison.

The recommendations for A, k, and SCL are based on
analysis of a single statistical comparison. In practice, more
than one statistical comparison is made. ASTM (1998)
suggests several possible modifications to control charts by
allowing re-sampling and updating background data to at-
tempt to control the overall false-positive rate and keep the
statistical power high on each monitoring occasion. Veri-
fication resampling is challenging at karst springs because
of the dynamic nature of groundwater flow in karst aquifers
and its constant reaction with the surrounding environment.
Exactly recreating the many natural and anthropogenic
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influences that affect each measurement is impossible for
any given storm pulse sampling event.

Pooling is a method of updating background data to
increase the overall size of the background data set (Gib-
bons 1994). Through pooling, uncertainty in the sample-
based mean and standard deviation decrease, as does the
size of the prediction limit, thereby minimizing both false-
positives and false-negatives (ASTM 1998). Pooling
should be performed only after data and the monitoring
process are shown to be in control.

Estimated mean (X) and standard deviation (S)

The seemingly straight forward estimations for mean and
standard deviation become complicated for measurements
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at karst springs. If sequential water samples are collected
over a complete hydrograph, as recommended by ASTM
(1995), a chemograph is obtained for each water-quality
parameter. Measurements of the samples within each
individual sampling event cannot be directly used to
establish the combined Shewhart-CUSUM control charts
because these samples are not independent. Figure 2 shows
the chemograph of calcium in nine sampling events at a
karst spring, together with the discharge hydrographs.
Clearly, a one-time grab sample is of little use for repre-
senting the average conditions at the spring. Each water
sample represents the water quality at one particular time,
and flow weighted concentration (FWC) may be used to
represent the average concentrations in the receiving wa-
ters within each sampling event. Compared with the
arithmetic or geometric mean, the FWC is a better
parameter for the average concentration because it guar-
antees mass balance. FWC equals the arithmetic mean
when the spring flow rate remains unchanged throughout
the entire sampling event, as may be observed during base-
flow conditions. The geometric mean is always smaller
than the arithmetic mean unless all numbers in a dataset are
identical (Parkhurst 1998). The FWC values are often be-
tween the arithmetic mean and the geometric mean for the
dataset in which both flow and concentration vary with
time.

Using FWC as a statistical variable, one needs to dem-
onstrate that FWC is random and independent of natural
factors. Natural factors that systematically affect FWC
should be appropriately compensated. Factors that poten-
tially affect FWC at karst springs include

Rainfall intensity and duration
Aquifer structure and water levels
Antecedent aquifer conditions
Soil-moisture conditions

Seasonal weather patterns

Water temperature

Turbidity

Evaporation.

Interpretation of data at karst springs requires ancillary
information pertinent to local weather conditions and the
aquifer under study. When a spring is used as a compliance
monitoring point for a landfill, data collection is not limited
to the spring only. Precipitation data and data pertinent to
the characteristics of the karst aquifer should also be col-
lected. Inadequate data collection may lead to false con-
clusions about the landfill sites. X and S should be
estimated after the water-quality parameter has been ad-
justed for the effects of any natural factors. Figure 3 shows
the relationship between FWC of calcium at a karst spring
(Fig. 2) and average water level in a monitoring well
500 m upstream of the spring. The FWC decreases with the
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Fig. 3 Relationship between calcium concentration at a karst spring
and water level in a monitoring well 500 m up-gradient of the spring

increase of the water level, which indicates a seasonal
effect. The following example illustrates the potential
consequence if the seasonal effect is not compensated.
More detailed studies of the statistical power of combined
Shewhart-CUSUM control charts are performed by Starks
(1988), Gibbons (1999) and Zhou et al. (2006).

Assume that calcium has a background mean of
X = 134 mg/1 and standard deviation of S = 6.9 mg/l (data
in Fig. 2), SCL =4.5, k=1, and h = 5. Table 1 lists the
hypothetical FWCs of calcium in the next eight sampling
events in response to a continual decrease of water level in
M1 and the combined Shewhart-CUSUM control proce-
dures.

The process is out of control in terms of the CUSUM
control procedure in the fifth sampling event. Based on the
Shewhart control procedure, the process is out of control in
the seventh sampling event. Therefore, the in-control
length of the combined Shewhart-CUSUM procedure is
only five. Such an out-of-control detection is false because
it is not caused by the landfill operation. It results from the
effect of the water level on the water quality at the spring.
Therefore, it is very important to understand the geo-
chemical processes in the aquifer so that the developed
control charts are effective in detection of landfill leakage.

If the water level continuously increases for the next
eight sampling events, relationship between water level and

Table 1 Example dataset for eight future sampling events in re-
sponse to decrease of water level

Sampling  Water FWC Standardized z; z; -k Y;
event level (m) (mg/l)

1 189.94 13578 0.26 -0.74  0.00
2 189.63 142.67 1.26 0.26 0.26
3 189.33 149.56  2.25 1.25 1.51
4 189.02 156.45 3.25 2.25 3.76
5 188.72 163.34 4.25 3.25 7.02
6 188.41 170.23  5.25 4.25 11.27
7 188.11 177.12  6.25 5.25 16.52
8 187.80 184.01 7.25 6.25 22.76

Note: Values in bold and italics are out of control
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Table 2 Example dataset for eight future sampling events in response to increase of water level

Sampling Water level (m) FWC (mg/l) Leakage Composite Standardized z; zi—k Y;
event 3XS (mg/l) concentration (mg/1)

1 189.94 135.78 135.78 0.26 -0.74 0.00
2 190.24 128.89 20.70 149.59 2.26 1.26 1.26
3 190.55 122.00 20.70 142.70 1.26 0.26 1.52
4 190.85 115.11 20.70 135.81 0.26 -0.74 0.78
5 191.16 108.22 20.70 128.92 -0.74 -1.74 0.00
6 191.46 101.33 20.70 122.03 -1.74 -2.74 0.00
7 191.77 94.44 20.70 115.14 -2.73 -3.73 0.00
8 192.07 87.55 20.70 108.25 -3.73 —4.73 0.00

calcium concentration can lead to false negative detection.
Table 2 lists the hypothetical FWCs of calcium in response
to an increase trend of the water level. Starting at the
second sampling event, a leakage with 3 standard deviation
units over the background is added to the concentrations.
However, the combined Shewhart-CUSUM control proce-
dure indicates that the process stays in control (Table 2).

Clearly, the combined control charts cannot detect such
a leakage because of the effect of water level. The out-of-
control length is very long. In fact, the CUSUM control
procedure shows out-of-control only when the leakage is 4
standard deviation units, whereas the Shewhart control
procedure shows out-of-control when the leakage is 5
standard deviation units. The false negative detection for
leakage less than 4 standard deviation units is caused by the
effect of water level on the water quality at the spring.
Therefore, inadequate characterization of the temporal
variations of water quality and their influencing factors at
karst springs can lead to failure of groundwater monitoring
programs at landfill sites. Springs are viable monitoring
locations in karst terranes at landfill sites, however,
development of robust statistical evaluation plan requires a
comprehensive understanding of the karst system and
knowledge of the assumptions involved in the statistical
tests.

Conclusions

Inter-location comparisons are not valid in karst spring
monitoring because of spatial variability of karst aquifers.
Intra-spring monitoring is preferred. In intra-spring com-
parisons, the statistical tests must address the temporal
variations of the water-quality at the springs. When storm-
driven sampling take place over hydrographs, FWC can be
used to represent the average concentrations of each sam-
pling event, and combined Shewhart-CUSUM control
procedures can be developed to evaluate whether the pro-
cesses are in control. The most important issue that affects
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the power of the combined control procedures is whether
the natural factors that may affect the FWC of each
chemical constituent has been thoroughly studied and
properly compensated. Springs are viable monitoring
locations in karst terranes at landfill sites, however, suc-
cessful interpretation of data collected at the springs re-
quires development of a robust statistical evaluation plan,
which relies on a comprehensive understanding of the karst
system and knowledge of the assumptions involved in the
statistical tests.
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