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Abstract

Lawrence Livermore National Laboratory (LLNL) uses the Cost-Effective Sampling (CES) 
program for reviewing groundwater data and optimizing the site's groundwater monitoring plan. 
The CES program produces a data assessment sheet and a lowest-frequency sampling schedule 
for each groundwater monitoring location.  The assessment sheet and recommended sampling 
schedule greatly streamline the data review process and provide useful information for regulatory 
and remedial decision-making.  The determination of sampling frequency for a given location is 
based on trend, variability, and magnitude statistics.  The underlying principle is that a location's 
schedule should be determined primarily by the rate of change in concentrations observed there 
in the recent past.  The larger the rate of change, whether upward or downward, the greater the 
need for frequent sampling.  Conversely, where little change is observed, less sampling is 
recommended.  In 1992, CES was approved by the U.S. EPA – Region IX and the local 
regulators for use at LLNL, and became part of the LLNL’s approved compliance monitoring 
plan (Lamarre et al. 1996).  Applying the CES methodology produced, initially, a 40% reduction 
in the annual number of required groundwater samples, and with recent optimization of the 
program a 55% reduction has been produced.  This reduction saves LLNL $530,000 annually in 
sampling, data management, and analysis costs.  

Introduction

The initial development of the CES program at Lawrence Livermore National Laboratory 
(LLNL) was motivated by an overwhelming number of sampling results with little or no change 
in concentration over many years.  This suggested that the monitoring wells were being sampled 
more often than necessary.  CES was developed not only to make sampling frequency 
recommendations, but also as a data review tool.  It provides the project staff with a summary 
status report of all the chemicals of concern (COC.)  The status report includes past sampling 
frequencies for each location, the recommended sampling frequencies for each COC, the last 
sample date, the total number of samples, the number of non-detects, and the overall 
recommendation at the each location. The project staff may increase sampling frequencies above 
the recommendations of the CES program, for example to adjust for activities such as a new 
extraction wells coming online, or to track a plume edge.   
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Locational vs. Data-Oriented Sampling Rationales 

The original method for determining sampling frequencies at LLNL used the well 
location with respect to the contaminant plume (within 1000 ft of a plume or within a plume) to 
determine the sampling frequency.  Unfortunately, the plumes at LLNL covered a large part of 
the site and most of the wells were within a plume or within 1000 ft of a plume.  The major 
problem with this method was that it did not take into account the very slow groundwater flow 
and a contaminant migration of only a few feet per year at the site.  In reviewing the groundwater 
data, it became obvious that the concentrations in many wells tended to remain constant over a 
long period of time.  

This concentration consistency brought about the idea of basing the sampling frequency on the 
changes in concentration at a given well, rather than the well's location with respect to the plume.  
CES calculates quantitative measures of the trend and variability of important COCs at each 
monitoring location.  It then interprets this information by means of decision trees to arrive at a 
recommended sampling frequency.  An essential aspect of the CES program has been to use 
simple statistics within a decision-logic framework to provide information that can be easily 
understood by any environmental professional.

The question may arise as to why LLNL developed this program instead of using something that 
was already available.  Unfortunately, in 1992 only a limited amount of statistical guidance was 
available for sites wishing to reduce their sampling schedules in a non-arbitrary manner.  EPA 
documents written for RCRA facilities (U.S. EPA, 1992) suggest using techniques such as 
Darcy's Equation to estimate the time between independent samples of groundwater based on the 
physics of flow.  Another EPA publication presents a method for estimating sampling intervals 
from a combination of a first-order autoregressive model of groundwater time series data and the 
standard error of that series (Barcelona et al., 1989). A third, and especially interesting approach 
is the creation of temporal variograms to estimate time correlations among samples in the same 
way that spatial variograms are used to estimate spatial correlations (Tuckfield, 1994). All the 
above approaches are geared toward determining the time-interval at which statistical 
independence is achieved.  This is a key assumption to the proper application of standard 
significance tests and also provides a logical foundation on which to base sampling frequencies.  
However, these more purely statistical approaches to the sampling frequency problem have more 
difficulty gaining acceptance because of the highly specialized knowledge required to properly 
implement them.  CES is a simple model that requires no specialized statistical knowledge.  CES 
requires only a basic understanding of analytical data.

The data elements necessary to run the CES program are of two types (1) analytic information 
used for the calculations (location name, chemical compound name, sample date, detection 
indicator, detection limit, analytical result, and measurement units) and (2) auxiliary information 
used to assure data integrity (including but not necessarily limited to location coordinates, 
hydrologic zone [aquifer designation], analytical method, QA flag, and unique sample identifier).  
Location coordinates, for example, can be used to insure that each location name has unique 
location coordinates and that each location has a unique name.  The hydrologic zone data is 
sometimes used to analyze data from each zone separately.  If LLNL is analyzing another site’s 
data, the data set is most commonly delivered to LLNL in an ASCII file format. 
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Decision Logic Charts 

The CES decision logic can be used for any type of sampling, as long sample collection 
and analysis methods have been fairly consistent over a specific period of time.  CES could be 
used just as easily for treatment facility sampling as for groundwater sampling data, however the 
sampling frequencies would likely be very different.  LLNL started with the traditional default 
sampling frequencies of annual, semi-annual, and quarterly, and later added a biennial (once 
every two years) option.  The initial decision logic was designed with traditional sampling 
frequencies (annual, semiannual, and quarterly) in mind. 

Each scheduling category (frequency) is associated with a base rate of change.  At LLNL the 
annual category is reserved for trends of less than 10 ppb change per year.  The quarterly 
category is associated with rates of change in excess of 30 ppb change per year.  The semi-annual 
category falls in the range of 10 - 30 ppb change per year. High and low degrees of variability can 
move a particular location out of the semi-annual and into the quarterly or annual category.  
These ranges were developed for concentrations of less than 250 ppb for eleven primary COCs at 
LLNL (Carbon tetrachloride, chloroform, 1,1-DCA, 1,2-DCA, 1,1-DCE, 1,2-DCE, Freon 113, 
PCE, 1,1,1-TCA, TCE, and Freon 11). 

In 1997, more decision logic was added to the program to address higher concentrations, into the 
high ppm levels.  These use rate-of-change categories designed specifically for the analytes and 
the concentration ranges of interest.  Categories have been developed for HMX and RDX, eight 
metals (arsenic, barium, chromium, copper, lead, nickel, uranium, and zinc) and tritium.  The 
lower rates of change used for the VOCs listed above are commonly seen at arid and semi-arid 
sites.

The overall decision logic of CES is shown in Figure 1. For a location (usually a groundwater 
monitoring well or piezometer) to be eligible for consideration, there must be at least six data 
points within a 12 to 18 month period of time, with a minimum of 2 months between each data 
point.  The decision rules are applied independently to each contaminant in the target list at every 
location.  The frequency assigned to a location is the most frequent schedule estimated for any 
individual contaminant at that location.

The evaluation of each contaminant proceeds in three steps.  First, an initial estimate of the 
desirable schedule is obtained by analyzing the trend and variability of recent data (“recent” can 
be specified by the user).  In step 2, the trend of the recent data is compared with the trend of the 
overall data.  In step 3, a correction is made for the less toxic substances on the list.  Even though 
their rates of change may be relatively high, their estimates are revised downward so long as the 
magnitude of the concentrations involved fall below specific limits, such as a maximum 
contaminant level (MCL).  Finally, all CES recommendations are subject to change as a result of 
scientific and engineering review.  The most common reasons for overriding recommendations 
are anticipation of future remedial actions and public relations considerations pertaining to off-
site locations.

Step 1: As mentioned earlier, the primary focus of CES is on trends or rates of change.  This is 
currently defined as the least-squares slope obtained by regressing measured concentration 
against time.  The advantage of this statistic is its ease of interpretation.  The slope represents an 
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average yearly change in concentration.  A disadvantage is that its suitability for use with non-
normal data is questionable.  Sometimes this can be solved by linearizing the data by means of a 
log transformation. However, this introduces interpretation problems—the slope no longer 
represents an average yearly change—which we are trying to avoid. Another potential problem is 
that concentration histories are not always approximately linear. This is addressed in two ways. 
First, the recent data is given more weight in the algorithm, and the shorter time period 
represented by the more recent data is more likely to be approximately linear. Second, when the 
recent and long-term trends are sufficiently different, CES specifies that human intervention is 
necessary. Finally, despite the imperfections of linear modeling of concentration time-series, 
CES has been found to be effective.

Figure 1. Overview of Steps in CES

Rate, not direction, of change is the dominant factor (see Figure 2).  All rate and rate-related 
statistics use absolute values.  Based on the rate of change information, a location is routed along 
one of four paths (see Figure 3).  At LLNL, the lowest rate, 0-10 ppb per year, always leads to an 
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annual frequency schedule.  The highest rate, 30+ ppb per year, always leads to a quarterly 
schedule.  Rates of change in between 10 and 30 ppb are qualified by variability information, 
with higher variability leading to a higher sampling frequency.  

Variability 
Index 

Annual

Low

Semiannual

Trend Index

Quarterly 

Medium-low Medium-high High

Variability 
Index 

Low Low HighHigh

< 10 ppb 10 - 20 ppb 20 - 30 ppb > 30 ppb

< 1< 1> 1< 1

Figure 2. Step 1 : Set Frequency Based on Trend and Variability

Wells with higher concentrations use different sets of parameter ranges.  The parameter ranges 
are determined based on the type of contaminant (VOCs, semi-volatiles, metals, etc.), the 
groundwater velocity, and the amount of contaminant retardation.  If the compound has a decay 
rate or is being reduced/oxidized, this would also affect the parameter ranges.  For some types of 
compounds such as metals, there need to be specific sets of parameter ranges for each different 
metal (chromate, arsenic, lead, etc.), because of the differences in subsurface transport processes.

Variability is characterized by a distribution-free version of the coefficient of variation: the range 
divided by the median concentration.  This statistic corrects for the influence of magnitude on 
variability, which is an important consideration given that the range of concentrations in VOCs 
routinely varies over three orders of magnitude. The cut-off of 1.0 distinguishing high vs. low 
variability was derived empirically from the data distributions.  It is approximately the median 
value of that statistic calculated for the two most active contaminants at LLNL, TCE and PCE, 
across all locations in a benchmark data set.

Step 2. This step compares long-term statistics with recent statistics.  The recent results, in most 
cases, are the dominant decision factors. If there is too large a difference between the recent 
statistics and the long-term statistics, the program recommends a human examination of the data. 
Large discrepancies can be the result of a large recent change in the data (increase or decrease), 
an anomalous data point, or a significant change in the overall data trend.   These occur in fewer 
than a hand full of wells each quarter at LLNL and have been very helpful in detecting outliers, 
mis-labeled samples, and changing conditions in an area.
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Figure  3.  Step 2 of CES – Adjustments Based on Recent Vs. Overall Trends

Step 3. Not all compounds in the target list are equally harmful.  Because of differences in 
drinking water standards, an average trend of 25 ppb/year for TCE is far more serious than the 
same trend for Chloroform or the two forms of Freon.  So, quarterly and semi-annual decisions 
are reduced one level if the maximum concentration in the recent set of samples is less than 1/2 
of the respective compound's MCL. After these steps have been applied independently to each 
contaminant in the target list for a particular location, the schedule assigned to the location is the 
most frequent schedule estimated for any individual contaminant. Thus, it makes sense for all of 
the chemicals in a target list to be part of the same analytical method (e.g., one of the target lists 
at LLNL consists of eleven VOCs all of which are included in the EPA 601 method (40 CFR Part 
136, Appendix A).
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Application of CES

The initial application of CES includes a full review of the data set, to make sure the data 
is in usable condition.  This includes checking for data outliers, for consistent use of the same 
name for each distinct location, for a sufficient number of samples (the minimum six data points) 
and for other data gaps.  Data outliers are checked to see if the outlier can be explained, such as 
by a mislabeling of the sample or a field problem.  If an outlier has no explanation, then the data 
remains within the data set.  One outlier in a large data set should have little effect unless it is a 
very recent point.  As a general rule, no data is removed from a data set unless there is strong 
evidence of laboratory, handling, or field problems or mistakes. 

After the data has been reviewed and cleaned up, CES parameters are developed. There are no 
hard and fast rules for setting up the parameters.  The main goal is to come up with a set of 
values that once applied, make sense to the technical staff.  One of the main objects of CES is to 
create a program that produces the same results as if a person had reviewed all of the data by 
hand and made recommendations. After this has been accomplished CES becomes a tool that can 
be used with confidence in the future. The bottom line is: do the recommendations make sense?  
If not, the parameters need to be adjusted.

Application of CES at LLNL.  A few weeks before the each new quarter begins, the CES 
program is run.  In order to have the most up to date data possible, fast data processing and easy 
reliable access to the data are essential. At LLNL, with about 400 wells submitted to CES each 
quarter, the CES calculations and chemical review take less than one day, and the hydrological 
review is 2 to 3 days.  Review at LLNL includes web-based access to plots of all of the analytes 
at all of the wells.

Application of CES at other sites.  The CES program, like any other model, is only as good as 
the data that goes into the program.  Assessing the quality of a data set for use in a modeling 
program seems like a fairly straightforward task.  However, CES has been applied at many 
different sites and, in every case the most time consuming step is the data gathering and checking 
to ensure there is appropriate data quality and consistency.  One of the most common 
misconceptions is that if the data is in a data management system (DMS), then it is being well 
managed.  Data are only well managed if a DMS has been well designed and maintained.  For the 
initial application of the CES program, the average time a project spends on gathering and 
checking the data is about 80% of the total project time.

The initial application of CES includes a full review of the data set to make sure it is in a usable 
condition for the CES program, and to produce a snapshot of what the data say are the 
compounds of concern for the site.  The review includes:
• Outliers.  Outliers are examined to see if a cause or correction can be found (mislabeled 

samples, laboratory errors, sampling issues, etc.).  If no justification can be found for an 
outlier to be removed, the data point remains in the data set.

• Detection limit consistency. Detection limits can vary greatly, depending on the types of 
analysis. Older data may have higher detection limits. Depending on the amount of variation, 
specialized methods may be necessary in order to calculate the regression statistics (Helsel, 
2005).  Inconsistent detection limits are a common problem with metals data.  

• Is there enough data for analysis by the CES program?
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• Are there historical gaps in the data set?
• Does the data demonstrate a pattern, such as seasonal variation?
• What compounds are being consistently detected?
• What compounds are above the maximum contaminant level (MCL), primary remediation 

goal (PRG) or an action limit (AL).  Frequently compounds are above the MCL, PRG or an 
AL and the compounds are not being monitored on a routine basis.  

• Develop site-specific CES parameters.  

After an initial review of the data has been completed, a list of compounds of concern has been 
developed, and the parameter ranges have been chosen and tested, then the CES program is run.  
The length of time for the initial data review, parameter range determination, and first CES run 
depends on the number of well, the number of analytes, and the condition of the data.  CES has 
been setup for several sites now and the average length of time for the entire initial process has 
been about one full-time person for 30 days.  This time can be significantly longer if a site has 
many different geologically distinct areas, because each area may need to be considered 
separately.  Once the CES program has been setup for a site subsequent quarterly reviews are 
very fast.

Cost Savings 

The table below presents the sampling status of monitoring wells at LLNL's restoration sites 
both before, and after the initial application of CES in 1992, and the current status.

Table 1. The Sampling Schedule Before and After the Application of CES for the
Ground Water Monitoring Wells at LLNL.

Quarterly Semi-annual Annual Biennial
Before CES 418 112 24 -
After CES 216 124 214 -
Current (2004) 91 42 52 189

The overall number of monitoring wells at LLNL has decreased due to the conversion of 
monitoring wells into extraction wells and from the dewatering of wells.  Currently, LLNL is 
exploring adding another sampling frequency (once every three years or once every five years) as 
the sizes and concentrations of contaminant plumes have been reduced.  

Conclusion

The application of CES at a site not only saves the site time for regular data review; it also 
typically lowers the amount of sampling by about 55% and provides a tremendous amount of 
information and insight about the analytical data.  One of the most significant advantages to 
using the CES program is that a site can address the changing conditions of the site as soon as the 
data indicates that a change is needed.  The site doesn’t have to go through a lengthy regulatory 
review process to obtain approval to make the necessary changes.  As stated earlier, CES is not 
intended to be a black box, but rather a tool which when appropriately applied at a site, will 
significantly streamline and enhance the data review and sample scheduling processes.   
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