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EXECUTIVE SUMMARY

This evaluation has reviewed much of the published l1terature regarding trend analysis methods .
Emphasxs was placed on trend analysrs of env1ronmental water quality data. The literature rev1ew
indicates a number of properties of groundwater quality data that may mfluence the selection ofa
statistical trend analysis method and its ability to correctly recognize a trend These data propertles
mclude issues such as extreme observations (outliers) censored data, missing observatlons serial
correlatlon and non-normal distributions.

Most of the published investigations of water quality trends since 1980 have vused,nonl_)__ara’nietric ‘

" statistical tests for monotonic trend._: Parametric trend analysis methods require sample data to be drawn
froma normally distributed population. Parametric methods that involve computation of the sample .
mean and standard deviation are more seriously impacted by data outliers than are nonparametric

‘methods. - Experience with groundwater- quality data has also indicated that it is frequently non-normal.

This shifted the focus of the report to the selection of a few candidate nonparametric methods for further -

evaluation. .

Three nonparametric trend analys1s methods that are w1dely used in the _water quallty llterature were

selected for further testmg using groundwater quality data collected at RFETS The candldate methods
were:-

. .Mann-Kendall test for trend on unadjusted concentration data. The Sen’s slope estimator method
was used with the Mann-Kendall to estimate trend magn,itudes;

. Mann-Kendall test for trend on deseasonahzed concentratlon data Deseasonahzatlon was
performed usmg the method of EPA (1989); and

e ' Seasonal-Kendall test for trend on unadjusted conceritration data. Thé Seasonal-Kendall slope
estimation method was used with this test. o

Groundwater data for testmg these methods was drawn from the “Groundwater Superset.” Test data :
contained examples of many of the data properties listed above, €.g., outliers and missing data. “Data were

selected to comparé trend test results for three groundwater samplmg intervals (seasons) sennannual
quarterly, and monthly

‘ Shapiro-Wilk or Shapiro-Francia tests indicated that about 40%. of the groundwater data were not

normally distributed. This supported the decision to use 'nonparametric trend analysis methods. '

The three candldate nonparametric methods gave similar trend predictions regardless of whether the mput '

data were defined as semiannual seasons, quarterly seasons, or monthly seasons. This was suprising
since much of the data was missing for monthly seasons. The methods all worked smoothly with the -
RFETS groundwater test data despite the presence of data issues such as outliers.
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The Seasonal-Kendall test is preferred over the ordinary.Mann-‘K'endall test for post closure monitoring at
RFETS for the following reasons. o

. Statlstlcally sngmﬁcant seasonalrty was ldennﬁed at 95% confidence in some of the RFETS
groundwater test data. The Mann-Kendall test on unadjusted data does not account for th1s

o . Th'e"Seasonal-'Kendall test agreed closely (88% of the time) with the'Mann-Kendall test-when
the latter was used on deseasonalized concentration data. Thus we should.use the Seasonal-
Kendall test and avoid the need to deseasonalize the groundwater data. ’ :

o The Seasonal-Kendall test (used at 95% conﬁdence) agreed well (86 to 88%) w1th the more .
' '"subjectrve trend 1dent1ﬁcat1ons made by visual mspectlon of seasonallty plots or of LOWESS

* smooths. -

.

Statistical methods for trend testing generally assume that the concentration data are indépendent (i.e., not .

serially correlated). The Rank Von Neumann test was run to test for serial correlation in the groundwater
data. Data were first deseasonalized and then detrended prior to running the Rank Von Neumann test,
because it is sensitive to trend and seasonality. Statistically significant (at 95% confidence) serial -
correlation was found in some of the quarterly and semianniial data. The literature indicates that sérial-
correlation is greatest at hlgher samplirig frequencies. Therefore, semiannual groundwater sampling is
preferred over quarterly or monthly sampling, for post-closure monitoring. '

Measured deviations from mean water table elevation were used as an exogenous variable for trend
analysis of groundwater. LOWESS smooths were used fo adjust concentration data for groundwater for
“hypothetical impacts due to water table changes at RFETS. The Seasonal-Kendall test was applied to the
adjusted data (concentratlon res1duals) and the résults were compared w1th those based on unadj usted
data. The prelmunary evidence (based on a few well- analyte combmatlons) 1nd1cates that water level
adjustment of analyte concentrations in RFETS groundwater fails to enhance detection of concentration

versus time trends.

The llterature suggests that nonparametrlc trend analysrs smethods, 1nclud1ng the Seasonal-Kendall: test,
- are not robust agamst serial correlatlon However desprte the serlal correlatron found in some RFETS _
test data the trend- predlctlons of the Seasonal Kendall test agreed very well with the vrsually observed
N trend. It is concluded that the Seasonal-Kendall test should work well on groundwater data collected N

semiannually for post-closure momtonng.

A possible altematlve for post closure momtormg is to use a modified version of the Seasonal Kendall
test which compensates for serial correlatron (lesch and Slack, 1984). However, this ‘modified test
requires at least 10 years of . record and is less powerful than the ordinary Seasonal-Kendall test when the
data lack serial correlation. Therefore, if statistically significant serial correlation-is not found to-be
common in the post-closure data, the ordinary unmodified Seasonal-Kendall remains the best monotonic

trend test. A . .
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ACRONYMS & TERMS

Alpha . Alpha (a) is the false posmve rate or probabrhty of making a Type | Error
‘ during statistical testing.

Altemalive Hypothesis In statistical hypothesis testing, the alternative hypothesis is accepted as::\frue |

o _ if the null hypothesis is rejected. See Null Hypothesis.

An.a:lyte A chermcal or radionuclide. whose concentration or activity in a groundwater
sample is analyzed by an analytical laboratory.

ASP Kaiser-Hill Analytical Services Division. This group establishes proced_nres
' ‘ ' and contracts that govern the analysis of groundwater samples collected at
RFETS, and the subsequent verification and validation of the analytlcal data

Co ASDr is also responsible for entering the'data into SWD.

Autocorrelation c SynOnym for Serial Correlation.”

' ’Beta' ' Beta (B) is the false negatlve rate or probablllty of makmg a Type I Error

during statistical testing.

CDPHE © .7 Colorado Department'of Public' Health and Environment.
Coefficient of ' The coefficient of determination (R?) is the square of the correlation
Determination coefficient. It is a measure of the overall fit of a statistical model, such as

linear regression. A perfect fit of data to a‘model would have an R? of Lo
Comparison-Wise Alpha Maximum probability of making a ‘false-positiv'e' error for one individual -
- statistical decision regarding one analyte in one well. See Overall Alpha.

Confidence Interval -A'range of values or interval which has-a know probability (or 'conﬁdence) of
B including the true value of a population parameter (e.g., the mean).
Cdl‘?hdence Level In a statistical test, the confidence level is the probability of correctly

concluding that the null hypothesis is true. The conﬁdence level equals 1
minus the false posmve rate alpha.

CR]?L | o ‘Contract Required Detection Limit. A synonym ~for RDL.
CT™ '- _. Carbon tetrachloride. | o
D&D Decontamination and Decommis.sioning.
' Degrees of Freedom | Refers to the volume of data on which a statistic is based.
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This variable (e.g., chemical concentration) may vary due to the influence of
independent variables (e.g., time or distance): ' '

A concentration at which the presence of a chemical is detected in a water .
sample at or greater than a reporting limit. See also nondetect. - ‘

Any of several defined limits below which the concentration of an analyte ’
cannot be reliably determined.” See MDL and PQL. '

United States Department of Energy.

A dependent variable whose value is determined within a statistical model.

United States Environmental Protection Agency.

. An independent variable whose value is determined externally to a statistical

model.

" A synonym for independent yariziblé.

In statistical testing, a false negative decision is made when the alternative
hypothesis is true, but the test mistakenly fails to reject the null hypothesis.
This is a Type Il error.- ' ‘

In statistical testing, a falsevpositiye_ dé_qisi,on is made when the null
hypothesis is true, but is mistakenly rejected. This is a Type I error. The
false positive rate is given-by alpha:-

The absolute or relative frequencies in which coricentration measurements fall

- into defined ranges:or classes. A histogram is a graphical display of a

frequency distribution. The shape of a histogram or frequency distribution
may be related to a prdbability function, such as the normal distribution.

An hyb_othesis 1S an assumption about a property of a population under study. .

This test is a statistical technique for choosing between two alternative
hypotheses, the “-hul_l hypothesis™ and the “alternative hypothesis.” The null.
hypothesis is considered to be true unless there is sufficient evidence to reject

it, in favor of the alternative hypothesis.

~ The industrial area at RFETS.
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K-H

' LOWESS

MCL

 Model

Net Infiltration

Normal Distribution

Nonparametric

Parametric
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A measurement such as elapsed time or distance, which is hypothesrzed to

_ influence a dependent variable, such as conceritration.

KaiserQHill Cpnrp;ény, LLC.

Qcally-w_éighted §catterpl_ot3§moothi_ng (Clevi;!nnd, 1979).
Maximum Contaminant Level.

Method detection limit. -

A statistic described as the arithmetic average of a set of concentration data.
‘The mean is the sum of the concentratlons divided by the number of data
pomts )

If data are ranked or sorted in ascending order the median is the middle
value. If the number of data pomts is even the average of the two mrddle
values 1s the medlan

In statistics, a model is a mathematical description of set of data. For
éxample, linear regressron assumes that the data can be described by a linear

~ equation.

Rainfall and snowmelt does not all reach the groundwater table. Some
precipitation evaporates, runs off in streams, or is taken up by plants. Net
infiltration is the fraction of water that mﬁltrates through the vadose zone and

~ reaches the groundwater table

A family of symmetrical, bell-shaped distributions whose shape is

% characterized by the mean and variance. The mean falls at the center of the
distribution, while the spread of the data is reflected by the variance.

A class of statistical tests that do not make assumptions about the shape of the

~ underlying probability distribution, and reqnire relatively few assumptions to

be met for a valid test. Therefore, nonparametric tests may have broader -

**.. applicability to environmental data-than parametric tests.

A class of statistical methods whose validity is dependent on a number of

assumptions about the data. The central parametric assumption is often that.
the data are drawn randornly from a particular distribution, usually a normal
distribution. Another common-assumption of parametric tests is that the ‘

residuals (e.g., from regression analysis) are normally distributed.
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See statistical power. ;
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In the contéxt of this report, a statistical population is the full set of possible

analytical measuréments at a monitoring well. Statistical inferences are made
about the properties of this population from a small set of measurements
made on water samples collected from the well.

‘The power of 4 statistical test is the probability thét the test will-‘(correetly)
reject the null hypothesis when the null hypothesis is, in fact, false:

Micrograms per liter.
Milligrams per liter. |

A typé of trend involving generdlly ‘smooth increases.or decreases in
concentration or activity over time. See also step trend.

Describes an analytical concentration determined to be at or below the

‘reporting limit (RDL). The cornpound is either not present (i.e.,a 0

concentration typically for a manmade cherrlical) or for ubiquitous, naturally-

-occurring chemicals the true concentration may be >0 but <RDL.

Laboratorles usually report nondetect results as the magnitude of the repomng
limit with a “U” result qualifier code. Older groundwater quality data in
SWD may use a “<” qualifier code. Less commonly, zero concentrations may

be found in SWD for some nond_etects. :

” ,The probablhty of a Type Ie €rror.on an. expenment w1de basis over all -

statistical tests for multiple wells or analytes. It contrasts w1th the
comparison-wise alpha.

Tetrachloroethene.

picoCrie per liter.

Practical Quantitation Limit is a type of analytical detection limit. The PQL
" is the lowest'concéntration for which the 95% confidence interval brackets

the true concentratlon within 20%

Quality Control, as in a'QC sample generatéd for quality control purposes.

- The correlation coefficient in linear regression.

Resource Conservation and Recovery Act.
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A Required Detection Limit specified by ASD. A synonym of CRDL.

REAL is a SWD code identifying “primary” or “real” samples, as opposed to
QC samples. 1In this report, REAL refers to analytical data describing the
primafy groundwater sample collected at a well or building drain during a
sampling event. . .

‘A mathematical procedure for finding the parameters of the best-fit moéél for
the data. For example, linear regression finds the parameters (slope and y-
intercept) of a linear model. '

Reporting limit is often used as a synonym for detection limit. However, -
detection limits are often properties of an analytical method or instrument,
while reporting limits are imposed on a laboratory by a client or service :
contract. - ¥

In regression analysis a residual is the difference between the measured value
and the value predicted by the regression equation (fitted model). _

Rocky Flats Cleanﬁp Agreement between CDPHE, DOE, and EPA, 1996.

Rocky Flats Environmental Téchnology Site. -

‘A statistical test whichis approximately valid under a wide range of
conditions (EPA, 1992).

The “coefficient of determination” is the square of the correlation coefficient
and is a measure of the overall fit of a regression model. It varies from zero' -

(no relationship) to gnity (indicating that the model perfectly fits the datg).

The number of samples or data values used to statistically describea
population. '

A measure of the extent to which successive measurements or observations -
are rélated. Environmental samples collected repeatedly over short time,
intervals or short spatial distances, frequently show serial correlation.

The former solar evaporation ponds located in the northeast corner of the IA
at RFETS.
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The square root of the variance, or the square robt of the average squared
deviation from the mean of the data in-a sample set. The “sample standard
deviation” computes the average by dividing by n-1 rather than n, where n is
the number of data points in the sample. See variance.

" This is the overall efficiency, strength, or ability of a statistical hypothesis test
to predict a-correct decision. : '

" A step trend may be thought of as an abrupt change in . water quality

(concentration or activity) due to an event such-as-a contaminant spill or the
implementation of a new water treatment system.

. RFETS So‘il Water Database maintained by ASD.

Trichloroethene.
See False Positive.

See False Negative.

* . The average squared deviation from the mean of the values in a sample set, or
.population. It is also-the square of the standard deviation.

Volatile Organic Analyte.

‘ Volatile Organic Compound, a synonym for VOA

* Value on the left is greater than or equal to the value that follows the >=. ..

symbol.
Value on the left is less than or equal to th;_a value that follows the <= éymbol.

Value on the left is greater than the value to the right 'éf the > syrilbdl'.

Value on the left is less than the value to the right of the < symbol.
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1 INTRODUCTION AND OBJECTIVES
The objectives of this report are to perform the following tasks related to trending of water quality data:

* Identify and review relevant technical literature (statistical, hydrologic, and geochenucal) for
potentlal methods of identifying water qua]rty trends;

e Summarize the advantages and disadvantages of each potential method based on the'published .
literature;.

e Select a subset of candidate methods that appear to be suitable for trending groundwater quality
w@. data. Factors effecting method suitability, such as statistical power and statistical properties of
;7 water quality data will be defined and discussed later in this report;

. Retrieve a small set of groundwater quality’ data from the RFETS Soil and Water Database
(SWD) for wells and analytes likely to be selected for post-closure groundwater monitoring;

‘e Apply the candidate methods to the set of groundwater data, evaluate their performance, and
‘summarize their strengths and. weaknesses and

* Recommend one or more candidate methods for trendmg post-closure groundwater monitoring
“data at RFETS. S

The report is organized into six sections. Section 1 states the objectives of the report. Section 2
‘summarizes the statistical properties of water quality data and how they rnay affect trend analysis. '
‘Section 3 discusses methods of trend analysis, and selects several preferred candidate methods for testing.
Section 4 discusses the evaluation of candidate trending methods on test data using groundwater quality
data collected at RFETS. Conclusions and recommendations are presented in Section 5. Section 6 lists

the references used to develop this document. Appendices of data and statistical results are.included at
the end

\\\O L L ' T : Review Exemption: CEX-105-01
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2 STATISTICAL PROPERTIES OF WATER QUALITY DATA .

Water quality data consist of analytical chemistry or_ radiochemistry measurements of the concentrations
or activities of chemicals (i.e., analytes) dissolved and/or suspended in a water sample. The statistical B
propertres of this data affect which statistical methods are most suitable for recognizing water qualrty
‘trends. It is also rmportant to decide what type of trend we are seekrng to identify, as this effects the
selection of a trending method.

2.1 Statist_ical Distribution

kinds of statistical methods that are applied to the data. For their valrdrty, parametrrc tests usually requrre

. certain statrstrcal propertres ofa data populatlon to be true. A common parametric assumption is that the
data in the sample set were randomly selected from a normal drstnbutron A related condition associated .
with hypothesrs tests: for linear regressron (a common trending method) requrres that the resrduals of the
regression be normally drstnbuted

' . The statistical distribution of the population from which the samples are drawn has a strong effect on the
Professional experience has shown that there is little Justlﬁcatron in assuming that water quality data are . .
' normally drstnbuted When sufficient data exist for statistical testing, water quality varlables are
frequently found to be non-normal (and often are posrtrvely -skewed).. Hirsch and Slack (1984) report ( that
. pH, dissolved. oxygen, and water temperature data are often normally distributed. However, some water
' qualrty variables fit a lognormal or less well known drstrlbutron ‘For example statlstrcal analysrs of
water qualrty for a rrver in Greece mdlcated that river drscharge dlssolved oxygen conductivity, calcrum
l and nitrate concentrations followed the Welbull drstrrbutlon (Antonopoulos etal., 2001). These authors |
also found evidence that the distribution of temperature was normal, total phosphorous was lognormal
' 4 sulfate followed the gamma distribution, and magnesium followed the logistic distribution. .Hirsch and
. - Slack (1984) also note that - many type_s of hydrologic and water quality data are distinctly non-normal_.
Profess1onal experience has also shown that probabrlrty plots of concentratron data sometimes show lmear
. regrons (of different slope) connected at inflection points. These plots suggest that the data were drawn ‘
~ from two distinct normal or lognormal populations. The population with the lower mean may represent
background, while the other population may represent superimposed contamination.

’

Nonparametrrc statistical trendmg methods i rmpose less restrictive requrrements on the data and are more ,

approprrate than parametric methods when the data are non-normal (Hirsch et al., 1991; Hirsch and Slack,
1984; Hirsch et al., 1982).

¢
' ’ 2.2 Detection Limits and Censored Data

Censoring of a statistical population of concentration data occurs when s'amples are not drawn from the
I tails of the population. This most commonly occurs when an analytical laboratory cannot measure (i.e., * . : N
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detect) chemical concentrations that are less than a detection limit. The statistical‘issue is that parametric
procedures are less powerful when used on censored data, and hypothesis tests and trend slopes are less -
accurate (Hirsch et al., 1982). Censoring of environmental data is more of a problem for manmade -

' chemicals (e.g., chlorinated solvent compounds) that are spatially limited in extent. Although they occur

naturally, tracé metal concentrations in'groundwater and surface water are also frequently censored if the
analytical methods employed do not have sufficient sensitivity.

Detection limits are associated with-analytical methods and-represent-the concentration of a chemical or
the activity of a radionuclide that can be quantlﬁed with a stated degree of precnslon A vanety of types
of reporting limits have been defined in the analytical chemistry literature. Some common types are '

mentloned below.

. Contract required detection limits (CRDLs) define the concentratlons that an analytlcal laboratory is

requnred to achleve to meet its contractual obllgatlons toa chent (e g, Kanser-Hlll Analytlcal Serv1ces
Division). The analytxcal ‘methods used by the laboratory must be capable of detectmg concentratlons at
or below the contract-specified CRDL value. In general, the térm reportmg limit (RL) isa synonym for

. CRDLs 1mposed on a laboratory by a client (Rong, 2002).

. The mstrument detection lmut (IDL) reflects the analytlcal sensmvny of a partlcular mstrument such : as

an atomic absorptlon spectrophotometer The IDL is the lowest detectlon above the- mstrument nonse
level A method detect1on limit (MDL) is assocnated w1th each analytlcal method. The MDL can be
defined as the minimum concentration of an analyte that can be rmeasured by the method and reported

with 99% conﬁdence that the concentratxon is greater than zero (Rong, 2002) "More sens1t1ve analytlcal -
. methods obv1ously have lower MDLs. MDLs are generally hlgher than IDLs for the same analytes ‘
Practical quantltatlon llrrut (PQL) is typlcally two to ten times hngher than the MDL for an analyte b

Detection limits may va‘ry with the chemistry of the water sample being analyzed as théey are matrix ~ - .

specific (e.g.; water, soil). Reporting limits may increase if other chemicals in‘the sample interfere with o
» quantltatlon of the analyte (i.e., target compound) Repomng lmnts usually increase when it is necessary -
for a laboratory to dllute a sample in order to brmg the analyte concentratlon w1th1n the lmear callbratlon’

range of the analytlcal mstrument

Water quality data collected at RFETS frequently have multiple reporting limits for a given analyte." This
has occurred because of changes in analytlcal laboratories under contract, changes in analytical methods
used, and changes in contract spec1ﬁed detection Timits. Multnple reporting hrmts have also occurred m

response to matrix effects and dilution of samples by the laboratory

When multiple reporting limits are present in data for a single analyte, it can be reported as undetected at
several different concentrations. A switch to a more sensitive analytlcal method with a lower detection

~ limit will often result in detected concentrations between its low RL and older nondetects at a hlgher RL.

This greatly complicates statistical analysis of the data and may lead to a loss of information during such

analyses.
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Nondetect data are commonly incorporated into statistical procedures by a simple substitution method.
The nondetect concentration is replaced by a constant such as the full detection limit, half the 'detection_
limit, or zero. Improved estimates of the true values.of nondetect data (with mu‘ltiple detection limits)...
may be computed through advanced procedures such as maximum likelihood estimation and probabllity
plottmg procedures (Helsel and Cohn, 1988)

Some nonparametric methods can be used with data containing multiple reporting levels. However, the
methods may require the analyst to recode nondetects and detects that fall below the highest detectiori.-,.\
limit, as if'they were nondetects at the highest detection limit. This effectively results in a-loss of
concentration information from the more sensitive analytical methods.

To minimize changes in reporting limits, a post-closure Integrated Monitorirlg Plan (IMP) s_hould be
developed that specifies a suitable analytical method and detection limit for each contaminant of con'cem" ‘

(COE): . Consistent field sampling, samiple preservation and laboratory analysis procedures should also
be followed during post-closure monitoring. s -

2.3 ‘Serial Correlation Versus Independence -

Serial correlation is also called autocorrelation. Statistical trend testing techniques Tequire that the data'be -
uncorrelated (i.e., independerit). If the data are not independent, but are- serially correlated, the tests will

be inaccurate. Serial correlation is difficult to detect'in small data subsets. Itis usually detect_ed by
investigating the residuals aftér removing seasonality and trend (Gauthier, 2001). ‘A common test for

serial correlation is called the Durbin-Watson test (Neter et al., 1988). The Rank Von Neumann tést may
also be used for serial correlation in the absence of: trends or cycles (IDT, 1998).

Serial correlation becomes an issue in time series water quality data when the time steps (sampling
intervzils)'are small ir'l .comparison to the residence time of the water being sampled (Gauthier, 2001).
Thus, semiannual or quarterly groundwater sampling should have less‘autocorrelation than monthly

. samplmg at a given well. RFETS can minimize the effects of serial correlation by adopting a semi-annual

sampling frequency for post-closure groundwater monitoring, when possible.

2.4 Seasonality and Climatic Cycles

Published literature distinguishes cyclic effects on water quality fronr trends. Climatic cycles tend to'be !
irregular, multiyear changes in weather patterns. These cycles may impact local water quality mainly>
through changes in total annual precipitation. Climatic cycles are converitionally treated as having -
periods greater than one year, in contrast to seasonal cycles, which have periods up to One year (see the
classical time series model in Neter et al., 1988).

. Seasonal effects on groundwater quality at RFETS have been suggested but not statisticélly'"tested or -

verified. Alth'ough'a thorough evaluation of seasonality is beyond the scope of this report, a small set of |
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RFETS groundwater quality data have been examined for evidence of seasonality.‘This is discussed as
part of the evaluation of trend testing methods in Section 4. It is hypothesrzed that seasonahty might -
effect groundwater quality- through the- followmg mechanisms: ‘ : ‘ ‘

e - Net precipitation infiltration over contaminated soil areas might dissolve and transport soluble:

contaminants to the groundwater; or

o .Net precipitation infiltration through clean soils (or:insoluble contaminants). rmght act to dilute -
the existing soluble groundwater constituent concentrations. ’ :

[

“Trend testing methods that minimize or remove seasonal effects are discussed in Section 3.

A statlstncal test for seasonahty effects in water quality is the Kruskal-Wallls multlsample test for iy

identical populations (Bradley, 1968). Seasonality was found to be common in some surface water data

collected and analyzed by the USGS (Hirsch et al., 1982). ~ e

2.5 Missing Observations Per Sampling -Event :

Missing observations‘ (i.e., data) may occur by both natural and anthropogenic processes. -Water samples

may.not be available seasonally, or during a dry year because of a lack of prec1pltat10n Many monitoring .

wells at REETS are seasonally dry and may remain dry until there is a.wet year or a major storm event.
Ideally for statistical analysis, these wells should be excluded from a post-closure momtormg network.

. -Abnormally. dry years could also result in an inability to sample groundwater at a well in the network.

Similarly, water samples may be collected, but lost during packing and shipping,.or spilled or otherwnse
compromised at the analytical laboratory. All of these events may result in missing observations.

vaiously, as the proportion of missing data increases, less will be known about a potential water quality -

trend at that monitoring location.. Some statistical trending methods are less affected by missing data than

others. These potential effects will.be discussed-in Section 3.

2.6 Multiple Observations Per Sampling Event

Multiple observations (i.e., data records) may be present in historical groudeater cfuality'dat.a'for several
reasons. Field duplicate or split (replicate) samples may have been collected and-analyzed in addition to. .

the primary water sample. After removing the field-originated QC data and the laboratory-originated’ QC,

data, historical data may still contain other sources of multiple records per. analyte per well for a particular

sampling event. The analytical laboratory may have diluted a sample to work within the instruments’ .
linear calibration range or the laboratory may have re-extracted the sample and re-analyzed the extract.

Multiple observations per season may also occur when the frequency of water sampling has ehanged over
the course of a long-term groundwater monitoring program. Presently, most wells at RFETS are sampled
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semiannually, but RCRA wells are sampled quarterly. Based on water quality results, these routine -
sampling intervals may be reduced to monthly sampling for three consecutive months under requirements
of the IMP. - Wells that produce little groundwater are routinely visited on a monthly basis in attempts to
collect water quality samples. Groundwater samples have also been collected outside the routine
monitoring program to meet short-term objectives and project needs.

3

The problem with multiple records is that most trend analysis procedures expect a single data record per

analyte per.well per season. If there are multiple sampling events per, season or.multiple data records per
season, a"representativ,e value must be selected. Statisticians refer to this process as.“‘collapsing data”. In
nonparametric statistics, the median concentration may. be selected, or in-parametric statistics a mean may
be computed to represent the seasonal concentration. . Random subsampling can also be used to select one
of the multiple records to represent a season. Statistically, random subsampling is considered a more
effectfye"method of collapsing data than using the mean or median (Harcum, Loftis,-and Ward, 1992).

2.7 Exogenous Variabll_es 'and .I‘.ag Times

Statistical trending methods may utilize exogenous varlables to more clearly 1dentlfy water qual1ty trends.

" Lag times must be considered during trend analysis when they may delay the impact of an €x0genous

variable on a water quality trend.

An exogenous variable, e.g., stream discharge, is an underlying factor that may effect concentration

versus time trends, in surface water quality data.. Potential exogenous variables for groundwater quality at
- RFETS are total monthly-precipitation, monthly net infiltration, or variations about the mean groundwater

level.

If a chemical was spilled dlrectly into a creek via a truck acc1dent the local water quahty lmpact would be
almost immediate. That is, it would have a very short lag time measured in minutes. In contrast,
groundwater migrates slowly, with estimated flow velocities of 41 to 717 feet per year at RFETS during )
2002+(K-H, 2004a). The average flow velocity in Rocky Flats Alluvium was estimated at 91 feet. per
year. Therefore, VOC-contaminated groundwater leaving IHSS 118.1, for example, would require many
years to mlgrate to the North Walnut Creek drainage, ignoring retardation effects. This is an-example of’ a
long lag time between a contaminant source and a potentlal impact on surface water quality.

‘Contmuous momtormg of groundwater levels has been performed in selected wells at RFETS since 1998

as part of the real-time groundwater monitoring network (K-H, 2004a) Hydrographs from these wells are
constructed with superimposed plots of pre01p1tat10n data for the same tlme periods. These plots indicate -
several types of groundwater level response patterns with different lag’ times between precrp1tat10n event
and water level change. Analysis of these responses is beyond the scope of this report, but in general
shallow alluvial wells (e.g., Wells:'B210489, 3686, and 6886) respond Vvery rapidly, with lag times of less
than one day. Many wells located in‘the IA have lag times of a few days up to 10 days. Other wells =
located east or southeast of the IA (e g, Wells 1487, 05191,03791, and 20991) appear to have water :
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, levels dependent on baseflow conditions, and their water levels show little or no response to precnpltatnon

events (i.e., they may have very long lag times).

It is believed that shallow groundwater quality at RFETS may be impacted by cyclic and seasonal
variation in net precipitation infiltration or evaporation. Cyclic water quality effects may occur as
precipitation infiltrates and dissolves soluble surficial or vadose zone soil contamination and transports rt
to the underlying groundwater. Conversely, infiltration of clean precipitation to the underlying’
groundwater might dilute any existing groundwater contaminants. Furthermore, evaporation of
contaminated water in the vadose zone or from the shallow water table could also impose cyclic water -~
quality effects. If these cyclic effects are signiﬁcant‘at RFETS, they should be accounted for prior to .
performing the trend analyses so that underlying groundwater quality trends are recognized. =

" Groundwater levels are measured immediately prior to water quality sampling at RFETS and these levels

likely reflect the net precipitation infiltration rate since 'most'wells'are sampled semiannually. Therefore,

measured deviations from the mean groundwater elevation (or mean depth below top of casmg) provrde a '

promising exogenous variable for use in identifying groundwater quality frends. This exogenous water *
level variable may indicate seasonal and/or cycllc variations in groundwater quallty and these water levels
may be useful for dlscemmg cycllc effects on water quallty trends ' ‘ o

2.8 lIrregularly-Spaced and |neonsisten't Sampling or Analysis

Data collected for trend analysis should ideally be collected under a consistent set of sarnpling and
analytical procedures. Changes in sampling: frequency over time may impact trend testing: Often-this
requires interpreting the data at the lowest sampling frequency. Monthly data mixed in with semiannual "

.. data would possrbly result in the exclusion of the monthly data. Irregularly spaced or convenience

' sampllng should be avorded

2.9 l:la_ta- Outliers -

Outliers are extreme observations which appear. to be inconsistent with the magnitudes‘of the neighboring,

observations in tlme at a sampling location.’ Outliers may be due to data transcnpnon errors, samples
mlsrdentlﬁed in the ﬁeld or in the laboratory, or they may indicate real water quality events.

Outllers may be visually 1dent1ﬁed by mspectxon of concentratlon versus time plots Altematxvely, formal
statistical tests for outliers may be run. Examples of these tests include Dixon’s single outlier test,

'Rosner s two-tailed test for multlple high or low outliers, or the ASTM single outller test (DIXOD 1953

Rosner, 1975; ASTM, 1975). Rosner’s test assumes a normal distribution and requires at least 25
samples. Formal testing for outliers is not suggested for post-closure monitoring. Visual identification of
outliers from time series plots is sufficient for data review and e_v,aluatilon. In nonparametric trending
analyses, outliers do not have a strong influence on the results, unlike in parametric analyses._
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. Outlying observations are suspicious and their causes should be investigated. If errors are detected they
should be corrected, or if uncorrectable, removed from the data. If the outliers cannot be shown to be due
to error, then they should be retained in the data used for trend analysis. This is consistent with EPA

¢

210 " Types of Tréaas

Two types of trends are commonly tested in water quality daté - step and monotomc trends. Different
statistical methods are employed to identify each type of trend. Therefore, an important consideration
prior to selecting a trendlng method is the type of water quality trend that is expected through knowledge
of events or through observatron of the data. A review of the publlshed literature indicates that monotomc
trends are most frequent and most statistical trending methods apply to monotonic trends. An 1mportant

pomt}' hat trends do not have to be linear. In fact, trends in water quality data are often nonlinear
(Hirsch et al., 1991).

A step trend can be thought of as an abrupt change in groundwater constituent concentration due to some
event such as a groundwater accelerated action (. g, groundwater treatment system) The statrstrcal
hypothe51s in testing fora step trend assumes that the data collected before a specrﬁc date (or event) are
from a drfferent population than the data collected since that date (Hirsch et al., 1991) More specifically,
the test compares the pre-event and post-event means or medtans '

- Hirsch et _a:l. (1991) suggest; that step trend procedures should only be used for the following two case_s:_

1. When the concentration versus time data naturally group into two distinct time periods separated by a
substantial time gap. A rulé of thumb is to use a stép trend procedure if the gap length is greater than
1/3 the data collection period; or

2. If a known event has occurred that is likely to have changed the water quality, then the concentratron '
‘ versus trme record can be d1v1ded into pre-event and post-event data.

Although monitoring locations, samplmg frequencies, and analyte suités have varied, RFETS has been

collectlng groundwater quallty data relatlvely consistently since 1986. Therefore substantial data gaps

are not anticipated, and the 1* case probably does not apply at RFETS. However the 2™ case may apply
at RFETS and is discussed below.

e

A number of remediation and Site closure actrvrtles (known events) at RFETS may affect post-closure
groundwater qualrty Some of these known events are listed below:

. Decontammatlon & decommrssronmg (D&D) of- burldmgs tanks and other structures has been
on-going since 1998 and will continue into 2005. The removal of buildings built on a slab-on-
grade may affect water quality when the slab is removed, through precipitation infiltration'in the
footprint of the former building. Building remnants, such as concrete basement walls and floors
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left in place, may also impact adjacent groundwater quahty if the remammg portion of these -

'structures is contaminated;

e The Water Treatment Plant (WTP) is scheduled to be shutdown during fall of 2004. Water for,
drinking and sanitation will no longer be imported to RFETS through ditches and pipes. This.
event will decrease the volume of water seeping from the ditches to the shallow groundwater and
the water volume discharging to South Walnut Creek from-the WTP. Thus, with less importedb '

.. water, local groundwater quality will have a greater 1mpact on gaining reaches of the creek where -
groundwater emerges at hillside seeps or dlscharges drrectly to the creek. The diminished. volume ;
of surface water may also effect groundwater quality beneath losing reaches of the creek;

e Removal of asphalt parking lots and‘roads maylocally increase precipitation infiltration;

e ~ After the' buildings are removed, regrading of the land surface will potentlally change pattems of :
" surface water runoff and precipitation infiltration; : '

- e Removal of contaminant source’s such as the free-phase' ¢arbon tetrachloride at IHSS 118.1 (south
“of B-771) should slowly 1mprove groundwater quahty in and’ downgradlent of that area. Durmg '
1996, there were similar source reriiovals of VOC-contammated soil at the T-3 and’ T-4 trenches ‘
" locatéd east of the Industrial Area (IA). Another source removal example is the drammg and
sludge removal at the Solar Evaporatlon Ponds (SEP) durmg 1995; and .

) . e, o
G aE 0 GE I o B g W W

¢ Five groundwater collection and;treatment systems have beén installed at RFETS to date. These
' systems are expected to posrtlvely impact local groundwater quallty (K-H, 2002): Groundwater
collection and treatment systems were mstalled at the followmg locatrons

o 881 Hillside (former OU1) in 1992 to treat VOCs and radionuclides;

o Present’Landfill seep (former OU7) from May 1996 to October 1998 a granular actlvated
carbon (GAC) system operated to remove VOCs. Smce October 1998 a passive aeration
system has been used;

o Mound Site Plume Treatment System was mstalled durmg 1997 and 1998 10 remove
"VOCs and radionuclides; '

o East Trenches Plume Treatment System was completed dunng September 1999. It treats_
"VOC-contaminated ; groundwater and ‘ s

o Solar Ponds Plume Treatment System was also completed in September 1999. It treats
‘ groundwater contaminated by nitrate and uranium isotopes.

Spatially, the above \remediation and closure activities may positively or negatively affect local IA

groundwater quality. ‘Temporally, these activities have occurred over many years. Because groundwater -
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migrates slowly it could take years to see the effects of these accelerated actions at downgradient wells.

Different contaminant flowpaths have different lengths, hydraulic conductivities and travel times,
therefore potential effects would likely be detected downgradient during different years. Groundwater
- treatment activities began with QU1 in. 1992 followed by the other groundwater treatment activities

between 1996 and 1999. . Building D&D and other facility removal activities have occurred since 1998

and will extend into 2005. Site closure has no relationship to contaminant travel times; thus, no single
time event is likely to delineate pre-closure effects from potential post-closure effects on a Sitewide basis.

It appears that the only ‘v:va'y to apply step trend testing on a Sitewide basis would be to assume that 1993
through 2005 is a large data gap, transition period, or step. - This approach would compare the 1986
through 1992 groundWater quality with data collected after 2005. However, it is thought that little useful -
information would be gained from using this approach for post-closure monitoring at RFETS.

The main objective of pgst-closure monitoring and trend testing is to ensure public.safety and protect the

environment. Another objective is to demonstrate that groundwater goals are being achieved. Monotonic - ~ -

trend testing should be performed as a method of confirming that these objectives are being met. Water
quality trends are not always linear through time. A recent evaluationof the biodegradation of VOCs in
groundwater at RFETS indicates that VOC daughter product concentrations may locally increase before
eventually decreasing (K-H, 2004b).

211 Period of Record

Water quality data are usually collected repeatedly and systematically over a time period that spans years

or decades. At Rocky Flats, this period of record for groundwater quality data for some wells extends.
approximately 18 years from 1986 to the present. Time series plots of groundwater quality data collected
at RFETS are usually nonlinear, and may suggest upward trends during some periods and downward
trends.at other times. Thus, an important consideration in trend analysrs is the time extent of the data to
be tested for trend. Should the entire period of record be tested, or just data collected post-closure?

Using all data gives the most information about historical water quality trends, but we may only be
interested in recent trends at locations that monitor potential surface water impacts. This issue will be »
addressed in a future plan-for post-closure monitoring and data assessment.

Recommendations regarding minimum number of data required for trend analysis vary in the published
literature The minimum number of data that can be used by some trending methods that evaluate
groundwater data before trend analysis can start. Because of potential climatological effects the data
record for trend analysis should include a representative selection of wet and dry years as well as normal
water years.
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3° METHODS OF ASSESSING TRENDS

Trend assessment is a field of statistics and it has an'extensive scientific literature. Nnmerous trending
methods have been proposed, but not all are applicable to water quallty data This section reviews the
llterature and brleﬂy describes trendmg methods that have been applied to water quallty data.

3.1 Summary of Graphical and-Statistic_aI Trend Analysis Methods

Published literature was'reviewed to determine which statistical tests have been used for detection of

trends. "Methods for identifying step trends are listed below w1th an associated reference to an author who
- discusses the test and/or has apphed the test to water data.

oy St‘e’p Trend Analysis - Parametric

" o Twosample t-test-‘(Ima_nié_lnd.Conover, 1983). - -

!

; -,o . Step Trend.Analysis - Nonparametric

o Mann-Whitney or thcoxon Rank Sum test (Bradley, 1968) Thls test 1s used with the
Hodges-Lehmann esumator of trend magmtude (Hodges and Lehmann 11963).

Many tests have been .devel'oped for mon_otonic trend analysie. These are bulleted below with useful
.references. o o

‘e~ ‘Monotonic Trend Analysis'- Parametric

o Regression Analysi&,‘ is usually run as linear regression for monotonic trend (Montgomery
and Peck, 1982). Linear regression fits a line to the data and estimates the magnitude of a -
potential trend as the slope of the line. An hypothesis.test (e.g., a t-test) may be run to
decide if the slope is non-zero ata given level of conﬁdenc'e This t-test can be
mnsleadmg when the data are nonlinear, nonnormal, serially correlated or there are
seasonal or cllmatologlcal effects (Hirsch at al., 1982)

o T obit'estimati'on (Hirsch et al.;-1991). This rather complex -imethod fits'a multiple
regression modei to the data. The model 'attempts to account for time trends, season, |
discharge (for surface water data) and other vanables The model is fitted using the
method of maxnmum hkehhood estimation (MLE)

o Combined Shewhart-CUSUM Control Charts (Gilbert, 1987, p. 207; IDT, 1998).
Control charts are a graphical tool commonly used in industrial applications of
statisttcally-based process control. Control charts are based on parametric statistics
derived from historical'data. A control chart could be developed for each analyte-well

w
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pair if there are sufficient detections of the analyte in the historical groundWater e
monitoring data. Upper control limits are established, and future concentration

‘measurements are plotted on the chart for comparison to those limits. *Control charts

allow 1nd1v1dual “out of control” measurements to be recognized whether due to an
erroneous outlier, or any type of trend. They are not hypothesns tests for the presence of
trend, nor do they estimate the slope of a monotonic trend.

Monotonic Trend Analysis - Nonparametric

(o}

Mann Kendall test for trend (Mann, 1945 Kendall 1975) The Mann Kendall test is

functronally identical to Kendall’s tau test for correlatlon (Kendall 1975). The test 1s
based on the number of times that the data increase or decrease when data values are
compared to the values that follow in time. The magnitude of the trend is given by the
slope estimation method of Sen (1968). This test is insensitive to outliers and can be

used with irregularly spaced data or small numbers:of data (Gauthier, 2001). The Mann-

Kendall test can also be used on desea_sonaliz_ed data. The Mann-Kendall test is affected
by serial correlation and can yield incorrect results when data are :stron'g'ly dependent (El-
S_haarawi and Niculescu, 1992).

K L T

Seasonal-Kendall test (Hirsch et al., 1982) The Seasonal-Kendall test has the advantage

of removmg potential seasonal effects without trymg to model their magnitude and
variation. It does this by modifying Kéndall’s tau test to test each season separately The

individual test results are then combined into an overall test result. This test is robust

against seasonality, non-normality, presence of censored data, or mlssmg values (Hirsch
and Slack, 1984). However, it is noted that this test is not robust against serial

.correlation. The Seasonal-Kendall Slope Estimator.is an associated method of estimating -
- the magnitude, of the trend (Hirsch et al., 1982).

Modlﬁed Seasonal Kendall test (lesch and Slack 1984) ThlS test lS a modlﬁcanon of
the Seasonal- Kendall to make it more robust agamst serlal correlatlon 'The modified test
is more exact, but much more complex computatlonally ThlS test has also been called
the Seasonal Kendall test with correction for serial correlatlon (Harcum et al., 1992). The

: :vmodl,ﬁed test .requlres largegnumbers of data wnth at_.least 10 years of seasonal record.

- Speannan s Rank Correlatlon Coeﬁ‘iczent - Gauthler (2001) descrlbes monotomc trend

testmg using Spearman s correlatlon coefﬁc1ent (often called Spearman s rho). This test
is insensitive to outliers and can be used with 1rregularly spaced data or small numbers of
data. The Spearman test is easier to calculate than the Mann-Kendall, but this advantage

is slight because of the almost universal availability of personal computers. El-Shaarawi

et al. (1983) accounted for seasonality in river water by applying the Spearman method to-
-individual monthly means.. The “Daniels test for trend” is also based on Spearman’s rho
- (Daniels, 1950; Conover, 1999). '
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o Cox and Stuart test for trend (Cox and Stuart, 1955; Conover, 1999, p. 169-176). : This
test is a.variation of the sign test and is used to detect any type of nonrandom pattern. "
Given a sequence of concentration data, the test pairs the later numbers with the earlier
numbers and then performs a sxgn test on the pairs. Conover (1999 p.323) observes that
tests based on Spearman’s rho or Kendall’s tau are considered to be more powérful than
the Cox and Stuart te_st.

CIeis _possible to apply the above tests to water quality data in a variety of ways Numerous procedural j

variations are found in the literature.’

3.2. Use of Exo‘genous Variables in Tre'ndl Analysis

Exo: >nous varlables may be used to increase the power of many trend testing methods This is based on
* the' concept that the power and efficiency of any. procedure for detecting trends and estirnating their
" magmtude is increased if the variance of the data can be decreased (Hirsch et al., 1991). The use of

exogenous variables with the Mann-Kendall test for trend is described by Alley (1988). Alley observed
‘that exogenous variables could also be used w1th the Seasonal-Kendall test.

"~ An exampl_e of this‘ approach is based.on the observation that the.concentrations of major cations and .

anions in river water, usually decrease as.the river’s discharge (volume of water per unit time) increases.
Therefore, when seeking concentration versus time trends-in surface water, investigators have often found
it desirable to remove the effects of discharge (the exogenous variable) prior to concentration versus time.
trend testing. This can be done by regression modeling of concentration versus discharge. Temporal
trend analysis is then performed on the residuals of the concentration-discharge regression. When trend:
testing surface water data, it has been observed that seasonality effects can remain in the data even after
discharge effects have been removed (lesch et al., 1982).

It is 1mportant to note that if d1scharge versus time data show a trend, then the concentration versus -

drscharge residuals do not necessarily indicate a concentration versus time trend (Hirsch et al., 1991). A
K popular modification of this technique in recent literature is to replace the regression analysis with a
LOWESS smooth. LOWESS is an acronym for locally weighted scatterplot smoothing (Cleveland, 1979).

* It was noted in Section 2. 6 that groundwater levels in a shallow unconﬁned aquifer directly reflect the
local net infiltration rate at the point of water quality measurement. Therefore, measured deviations from
the mean groundwater elevation (or mean depth below top of casing) pr0v1de a promising exogenous .
varlable for use in identifying groundwater quality trends. This exogenous variable may indicate seasonal
‘ and/or cyclic variations in groundwater quality, and it may be useful for removing cyclic effects (both
chmatlc and seasonal) from water quality trends at RFETS. Interestingly, use of water-level deviations

to remove cyclicity has not been noted in the literature. The procedure would regress concentration

" versus water level deviation data. Analys1s of concentration trends through time would then be

: o ' Review Exemption: CEX-105-01
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performed on the residuals of the concentration-deviation regressnon This analys:s is. performed in .
Sectlon 4.7 using RFETS data.

3.3 Removal _of__Seasonal Variability

Seasonal effects on water quality can be minimized in several ways. ‘In parametric trend testing, the

‘ effects of an annual cycle have been modeled by trigonometric functions of the time of year (Hirsch et al.,

1991). However, it is unlikely that seasonal groundwater quality or water levels follow a smooth

trigonometric function at RFETS.

EPA (1989) provides a method of removing seasonality from a set of groundwater-concentration data. . .

This method is implemented in the software program WQStat Plus (IDT, 1998). This procedure works by

computing a “grand:mean” concentration from all of the available data for a given analyte and well pair:
Individual seasonal means are then computed for each séason for the analyte and well. ‘Finally, the -
individual concentration values are deseasonalized by addmg the grand mean and then subtractmg the -

appropriate seasonal mean (IDT, 1998)

The effects of seasonality could also be removed by modifying the EPA (1989) parametric seasonality -
correction to a nonparametric corréction. A nonparametric correction for séasonality. would substitute the
grand median and seasonal median for their respective mean values. ‘However, a nonparametric
seasonality correction was not used in this present report as this correctlon is not currently 1mplemented in

the WQStat Plus software.

It is also worth noting that the water quality data are not adjusted for seasonality. prior to applying the.
Seasonal-Kendall test. The nonparametric Seasonal-Kendall test removes the effects of seasonality
without modeling it. It does this by performing the trend test on each of the seasons individually.: The:
test statistics are then summed across all seasons. The details of this test are found in Hirsch et al. =

(1982)

Many of the investigators who have studied seasonality in natural waters have used monthly water ...
sampling intervals (e.g., El-Shaarawi et al., -1983). Limited - monthly groundwater quality-data are

available at RFETS. A small number of RCRA wells have been sampled quarterly at RFETS, while most

other groundwater monitoring is performed semiannually. Thus, RFETS genérally lacks. thehigh ™ =~

'samplmg frequency data desirable for modeling seasonality. However, biannual- samplmg during the wet

and dry seasons may exhibit seasonal effects and should be evaluated

3.4 Trend Analysis with Censer_ed fbata_ |

It was mentioned earller that censored data make parametrlc tests less accurate than would be ideal. A
parametric method of detectmg trends in censored data is called “Toblt est1mat1on” (lesch etal., 1991).
This involves fitting a complex multiple regression model to the data that accounts for time, discharge,
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season, and other variables. The concentration data are often log transformed to 1mprove the fit of the
model.. '

The nonparametric Seasonal-Kendall test and Rank Sum test may be used with censored water quahty
data. However, the raw concentration data must be used. The data cannot be adjusted for stream ,
discharge or change m the groundwater table. This is because residuals cannot be computed for censored
values from either regressron analysns ora LOWESS smooth (Hirsch et al., 1991) '

Sens’ estimate of trend magnitude is associated with the Seasonal-Kendall test.- The magnitude of the Sen

slope will be less accurate as the percentage of censored data (nondetects) increases, however, 1ts srgn 1s
more robust

R

3.5, Trend AnalySIs WIth Serlally-Correlated Data

The best way to deal with serlal correlatlon may be to plan the water samplmg program to mmmuze its
occurrence in the data. This might be done by using semiannual or quarterly sampling, rather than higher

~ frequency sampling such as monthly sampling. If seasonality is to be modeled, then quarterly sampling. .

may be the best compromise. However, modeling seasonality is llkely to be only of acadenuc interest for
groundwater quality data at RFETS. ‘

Eljshaarawi and Niculescu (1992) found that the Mann-K'endallltest statistic is strongly influenced by.-
statistical dependence among the data, and the test can yield incorrect results when the dependence is - '
strong. If autocorrelated data are suspected, the modified Seasonal-Kendall test can be used ‘to correct for-

serial correlation (Hirsch and-Slack, 1984). Note that the ordinary: Seasonal-Kendall test is affected by

serial correlation. -

Because historic groundwater quality data at RFETS has been collected at several sampling frequencies,
“data collapsing” is another method to reduce serial correlation. Data: ‘collapsing of an original time senes'
reduces the number and frequency of data points by reducing:it, for example, from monthly to quarterly: -
or annual means. Various methods of data collapsing are discussed by Harcum et al. (1992).. For
example, it can be 1mplemented by subsampling or by selectmg the median value of the data that group

- within the newly defined samphng interval.

3.6 - Selection of Candidate Trending Methods for Testing

Recommendations presented in the published literature,were used to select a subset of applicable trending
methods as discussed below. These candidate methods were then tested and evaluated in Section 4 using
groundwater data collected at RFETS. - ’

A "
Step trend procedures should only be used when l) there isa known event that rmght result ina change

._in water quality, or 2) when the water quality data is naturally broken into two dlstmct per1ods w1th a long
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gap between them (Hirsch et al., 1991). Groundwater monitoring data have been systematically collected .
at RFETS since 1986, and there is no distinct data gap in the quality record since that date. As discusséd
earlier, groundwater remediation and closure activities have created numerous events that could

'hypothetlcally 1mpact groundwater quahty in local areas of RFETS. However, these events are spread out

both spatlally and temporally, and there does not appear to be a practlcal means of applymg step trendmg
methods on a Srtewrde basis for post-closure momtormg Therefore monofonic trend testmg is '
recommended for post-closure momtormg, and methods of monotonic trend analysis will be considered in

the remainder of this report.

'Hirsch et al. (l99l)' published. a lucid review of water quality'trend testing methods. They also performed

" a Monte Carlo analysis that compared the performance of parametric and nonparametric methods. When

there were small departures from normality, or small sample sizes, the nonparametric methods showed
modest advantages in efﬁciency and power over parametric methods (Hirsch et.al.,1991). They. .
concluded that nonparametric procedures have only small disadvantages in power when the data are

~ normal, modest advantages when the data depart slightly from normality, and large advantages when:the

data are highly fion-normal. Because water quality data a_re frequently non-normal, they have routinely -
used: nonparametric trending methods in their water 'quality-investigations at the USGS.:

ERR

- Hirsch et al. (1982) compared monotonic trend test performanc-e Their results show that when data are

’ _to perform nonparametric trend testing (Gilbert, 1987, Appendix B).

skewed, have cyclicity, or autocorrelation, the Seasonal-Kendall test is preferred to ordinary lmear

regress1on or to seasonal regressron and their associated t-tests.

Gilbert (1987) devotes two chapters of his widely ‘used statistics text to water. quality trending issues. -
Gilbert reviewed the literature on trend testing methods and concluded that nonparametric methods were-
the most useful for trending environmental data. Gilbert published source code for a computer program..-

o

Gil)bons (l994) also reviewed the statistical literature on water quality trend testing. Gibbons concluded.

~ that because of data issues such as.outliers and nondetects, nonparamemc trend analysis is most _

reasonable for testing groundwater quality data.

Harcum et al. (1992) observed that many mvest1gators have moved to the use of nonparametrrc trend _
testing. However, nonparametric methods still assume 1ndependent 1dentlcally distributed error terms,

_ and this assumption may be violated by seasonality or serial correlation. Harcum et al. (1992) compared

the power of four widely used nonparametric.methods,while varying the properties of the test. data. They
varied sample size, serial correlation, fraction of missing values, seasonality,-and distribution. Their. -
recommendations-for the best trend test depend on the'length of the data record and the percentage of

nondetects. If >10 years of monitoring data are to be trended with *“no” serial corre'lation and <50%

missing values, they recommend use of the Mann- Kendall test on deseasonalized monthly data For >10

~ years of serially correlated data they suggest the Modified Season-Kendall test. If a smgle test is to be

selected for uncorrelated data at all record lengths they suggest the Seasonal-Kendall test. When there are
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large proportions of missing data (>40 or 50%) they suggest using median collapsing of the sampling
frequency to a longer interval. : : »

Based on the above recommendations and the writer’s experience with the non-normality of gfoundwater
qu?allty data, nonparametric, monotonic, trend testing procedures will be selected as candidate methods for
further evaluation. The nonparametric candidate trend analysis methods will include:

"'« Mann-Kendall test for trend on unadjusted concentration data;
.. Mann-Kendall test for trend on deseasonalized concentration data; and

Seasonal-Kendall test for trend on unadjusted concentration data.

Sen’s slope estimation method will be used along with the Mann-Kendall testing to estimate the -
magmtude of stanstlcally 51gn1ﬁcant trends. The Seasonal-Kendall Slope Estimator (a version of Sen’s

" method) will be used to estimate the slopes of trends identified by the Seasonal-Kendall test.

_ Although they are paramétric, and are not candidate methods for trend analysis, Shewhart-CUSUM

control charts are useful visual tools for interpreting groundwater data. Visual tools that will be applied to

- RFETS groundwater data include Shewhart-CUSUM control charts, seasonality charts (as implemented-
. by WQStat Plus), LOWESS smooths, and time series plots. A number of auxiliary statistical procedures

will also be used in evaluations of data properties, e.g., normality testing.

R
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4 EVALUATION OF TRENDING METHODS .

Candldate trend analysrs methods were selected in the prevrous text section. These methods will be tested
to see how well they work on groundwater qualrty data collected at RFETS However software must first
be selected to apply these methods.

41 Software Seleetion for Trend Analysis

Many commercrally available statistical software programs are capable of performing some or all of the
‘candrdate trend analysrs methods. Because normality, serial correlatron and seasonahty can effect the
selectron ofa trendmg method itis desrrable if the software can also perform statistical tests for these
data properties ‘Note that software products are 1dent1ﬁed for mformatronal purposes only,.and these. '
products are not endorsed by DOE, K-H or URS Corporatron

WQStat Plus (copyrrght Intelligent Decrsron Technologles Inc ) was the main statistrcal program selected
for the present data evaluations. This program is easy to use, has convement data deseasonallzation and
detrendmg features and can perform Mann-Kendall, Seasonal- Kendall and Sen’s’ slope estimate.

WQStat Plus was also used to test the data for normality (Shapiro-Wilk test), serial correlation (Rank Von
Neumann test) and seasonality (Kruskal-Wallis test). A

Conveniently, WQStat Plus allows the user to deﬁne'up to 12 seasons and their starting dates.- This
feature was used to compare.trend testing results for groundwater sampled semiannually, quarterly, and

monthly. ..

A Fortran program called TREND was also used to evaluate. data for this report This. code was co- |

- developed by Gilbert and D.W. Engel and its source code is publrshed in Grlbert (1987, Appendix B). .

Gilbert concluded that nonparametric methods were the most, useful for trending environmental data and
he developed TREND as a convenient means of applying these tests /An advantage to the reader is that
in h1s text Gilbert mterprets the results of processing four test data sets through TREND.

TREND was edlted as necessary to compile under Mlcrosoft FORTRAN version 5. The final code
modifications in version TREND?3 are documented in comments within the source code. Proper
functioning of TREND3 was verified by its ability to read the four test data séts of Gilbert (1987) and

~ produce.output that agrees with that discussed in Grlbert (1987). Data input to TREND3 can be exported
: from Excel as simple text. ﬁles :

TREND3 does not have the diversity of statistical methods available in WQStat Plus. It supports the
Mann-Kendall test, the Seasonal-Kendall test and Sen’s slope estimates. The program can also test for
homogeneity of trend among a set of different wells; for example, wells that might intersect a large VOC -
plume. The homogeneity feature was not used with the current data.- '

Review Exemption: CEX-105-01




04-RF-01164

A useful freeware program for LOWESS smoothing is called Robust Fit. This code was developed by
W.J. Heitler of the University of St. Andrews in Scotland. The code is based on the LOWESS methods of
Cleveland (1979) and comes with example data. Robust Fit has very flexible input. For example data
can be pasted into Robust Fit from the Windows’ clipboard. On’output Robust Fit allows the user to copy
its scatterplot graphics to the clipboard, and to save the fitted smooth as a file for further analysrs

4.2 Data Selection and ProceSSing

The objective is to.test the selected trend analysrs methods on groundwater quality data representatlve of
groundwater condmons at RFETS. This testmg should reveal the strengths and shortcomings of the -
methods. By 1llummatmg various data issues, the testmg ‘'should assist RFETS in developmg a practlcal

- {
_ statistical methodology for mterpretmg the post-closure water quahty data.

In order to “stress test” the trendmg methods, analytrcal data were selected which included many of the

" data issues (€. g multiple detection limits) described inSection 2. The following bullets descnbe the data

selectron strategy, process, and how the data were normalrzed

¢

- Wells wereé selected that were screened in the upper hydrostratigraphic flow system (UHSU) at

RFETS. Most of the wells of interest were located in or near the Industrial-Area (IA). Two wells .

were located near the Present Landﬁll Wthh is located north of the IA.

Te Analytes were chosen that are potential post-closure groundwater COCs.” Selected: VOCs and
nitrate/nitrite are likely p6st-cloSure COCs. .Therefore, one well was chosen that monitors a -
plume of TCE in the IA. Another well was selected that has low concentrat1ons of mtrate/mtrlte

i m alluv1um of North Walnut Creek ' -

e *Field-filtéred U-234 data were retrieved to test the methods’ performance on radrochemlstry data
which may include zero and negatrve activities. s

® The trace, semi-metal arsenic was retrieved because it tends to have a large percentage of o
nondetect data, and may have multiple reporting lmnts Only ﬁeld-ﬁltered arsenic data were. |

exammed

- -Dataevaluated in this report were retrieved from the Groundwater Superset- databasé, which was
derived from the Soil and Water Database (SWD). Groundwater analytical results for selected
analytes from each well were uploaded into a local database Water level measurements made at

‘ the trme of sampling were also uploaded

e The full period of data collection was retneved for each selected analyte and well, and

mcorporated into the working data set.
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- Data for primary water samples (REALs) were,re_’trieve.d._ These data include target analyses, re-

-extractions; and dilutions made in the laboratory. Records rejected during validation (R) or
verification R1) were excluded. from this evaluation. .

‘ Fleld duplrcates equ1pment rinsates, and all laboratory QA/QC records were not retrreved or used

in this mvestrgatron Surrogate compounds and tentatlvely identified compounds were not
retrieved.

Database queries were conducted to examine the data and to identify potential problems such as
incorrect concentration units or concentration unit mismatches. When multiple concentration -
units were found the umts results and detectlon lmuts were standardized to a single unit.

Non-detect results were identified by"the presence of a “U” result qualifier, an’d/or‘a “ur”’-
validation qualifier. Because numerous codes are found in these data fields the U values were
d_etected in queries that use ‘_‘wildcard expressions”. ' '

: Nondetect concentratrons were used in two different ways In the later dlscussmn of method

evaluatrons using the WQStat Plus program nondetects were used at face value (i.e., at the
reporting limit). WQStat used Cohen’s adjustment to means and standard deviations to
compensate for nondetects. In the later evaluations using TREND?3 nondetects were used at one
half the reporting limit. .

Formal statistical testing for outliers was not performed although the data were exanuned
visually for potential outliers.

An objective of this investigation was to compare the performance of trend testing methods on

~seasons of different lengths. For example, the Seasonal-Kendall test is described in the literature

on the basis of 12 monthly seasons. At RFETS we wish to test it using 2. semiannual seasons (for

- post-closure monitoring), and with quarterly seasons (for RCRA groundwater monitoring).

In creating the test data, seasons were defined on a calendar basis for simplicity, rather than trying
to match the precipitation cycle at RFETS. Quarterly seasons start on January 1%, Aprll 1*, July

', and October 1. Monthly seasons start on the 1 day of each month. Semiannual seasons
begm on January 1* and July. lSt

_The master set of retrieved groundwater quality data was exported from Access as an Excel. .
- spreadsheet and is found in Appendix A.

hIn order to create seasons s of different lengths, the Appendrx A spreadsheet was copied to three

daughter spreadsheets in Appendrces B, C,and D. These daughter spreadsheets were edited as
follows to create semiannual, quarterly, and monthly data
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e ‘Appendix A often contains multiple data records per samplln’g event for a given well:analyte
-combination: Reasons-for this were discussed in Section 2.6. For trend analysis a single data
record is desired per combination of well, analyte, calendar year of sampling, and season. After
somng each daughter spreadsheet by well, analyte and sample date, numbered seasons-were
defined. Semiannual seasons were deﬁned in the data of Appendlx B. Quarterly. seasons were
defined iri the data of Appendix C, and Monthly seasons were deﬁned in Appendix D.

. Pseudo-random subsampling of the daughter spreadsheets in Appendix B, C, and D, was

performed by manually selecting one record to represent each season when multlple records were-

present. ThlS was done without the bias of lookmg at the reported coricentration, result qualifier; -
or validation fields. Pseudo-random sampling was considered sufficient for creation of test data,
but more ngorous random samplmg desrgns should be employed lf subsamplmg is used durmg

pOSt-ClOSUI'C momtormg

e  Working data for trend analysis were exported from the Excel spreadsheets of Appendlc'es B, C,
and D. The spreadsheets were exported in vanous file formats to be readable by the statistical
software. WQStat Plus, for example has a data file translator that reads tab delmnted text files -
contammg the relevant data fields. ' ‘

4.3 LOWESS Smooths of RFETS Groundwater Data

Program Robust Fit (Heitler, 2004) was used to plot the analyte concentration versus time data of the'
RFETS groundwater data of Appendix A. Robust Fit also generated a LOWESS smooth or:curve to-

assist the visual identification of trends and to help identify statistical issues (data problems) The 19
plots created by Robust Fit follow later in this section. - '

LOWESS was developed by Cleveland (1979). «'Inspection of 'the plots is-intended to show how - '

" challenging trend detection can be in real-world data. The widely varied shapes of the plots indicate that

trends are frequently nonlinear,. and tendenmes may reverse d1rectlon one or more times over the period of

record

~

Other properties. of the data that may cause difficulties for trend-detection methods.and software are noted
here. Outliers are seen in some of the plots (e.g., Figure 4-11 nitrate/nitrite in Well. 70193)..-Periods of -
missing data are noted in the following plots: Figure 4-16 arsenic in Well B206989 (8 years missing),
Figure 4-18:'PCE in Well P114889 (5 years missing), and Figure 4-13 VC in Well P115689 (5 years

. missing). Many of the data sets in Appendix A contain multiple data values per season, regardless of

whether a season is defined as a month, quarter, or half-year. Multiple data points in a season are a -
problem for some statistical methods and computer programs. Multlple data points originate through ~
changes in sampling frequency (eg., quarterly to specnal monthly samplmg) or when a laboratory

* performs a dilution or re-extraction of a sample. Some trend testmg software can use the mean or median ‘

of the multiple records in a given season.
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* Another problem is that the 1.7 year per}od of record for U-234 in Well P415889 (Figure 4-19) is
~ probably too short for meaningful trend testing. This is because: 1) groundwater moves slowly and its

chemistry tends to change slowly, 2) less than three or four years is considered too short to characterize
seasonal effects, and 3) multiyear climatic effects have not yet been adequately determined.

Robiist Fit (and some trend. testing software) cannot discriminate between detect and nondetect data.
Therefore, the plots were made by including nondetect concentrations at one-half the detection llrmt
Input data are listed in Appendix A.

The smoothing algorithm used either 1* order or 2" order polynomial smoothing as noted in the caption
below each plot. It is important to note that in LOWESS, a 1* order smooth usually does not yield a

' stralght line through the data LOWESS is not a simple linear regression line fit. Second-order
. smoothmg is usually more rounded than 1* order smoothing.

/

The caption notes the number of data values used in the plot as “n.” Finally, the “half-window” isa . -

LOWESS ﬁttmg parameter. It represents the number of points on either side of the point being smoothed,

which are included in the polynomial fit. Large values of the half-window glve smoother plots at the -
expense of loss of small detail.

User control over axis labeling is very limited in the plotted output of Robust Fit. The vertical axis _
always denotes concentration in pg/L for non-radionuclides, or activity in pCi/L for radionuclides. The:
horizontal axis of these plots' is always elapsed time in decimal years since the start of water quality
monitoring for a given analyte - well combination.
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Figure 4-1 Smooth of Dissolved Arsenic Concentrations in Groundwater at Well 03991 .

Smooth-performed over 12 years of record (N = 27 data points, 2™ order smooth, half-window = 9).
Although a nonlinear trend or cycle in implied, 89% of the data are nondetect and the range of the vertical
concentration axis is only 2.3 pg/L.. Therefore, it’s not clear if there is a real cycle or trend above the

* sampling and 1analytical variability. Well 03991 is located in the northeast trenches area south of Pond
B1. -
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- Figure 4-2 Smooth of Carbon Tetrachloride Concentrations in Groundwater at Well 06091 .

'Smooth performed over 12 years of record (N = 39, 1* order, half-window = 9). Both the data and the

" smooth indicate that CT:concentrations exhibited an increasing trend for the first 8 years, then started to
5 attenuate. Well 0609 1'is located in the East Trenches area.

o
!
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Figure 4-3 Smoqth of Nitrate/Nitrite (as N) Concentrations in Groundwater at Well 06091 - -

Smooth performed over 12 years ofrecord (N 38, 2™ order, half-wmdow 8). Well 06091 is located *-
in the East Trenches-area. 3 B . . S
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Figure 4-4 Smooth of Uranium-234 Activity in Groundwater at Well 06091;__. o

Smooth performed over.12 years of record (N = 36, 2™ order, half-window = 9). Visually it is difficult to -
decide if there is an upward trend. Well 06091 is located in the East Trenches area. -

49

Review Exemption: CEX-105-01




04-RF-01164

Figure 4-5 Smooth of Uranium-234 Aé'tivity in Groundwater'at Well 10194 -

Smooth performed over 9 years of record (N = 24, 1% order, half—wmdow 8) and shows a decreasmg

b

trend. Well 10194 is located in the East Trenches area.
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- Figure 4-6 Smobth of Chloroform Concentrations in Groundwater-at Well 23296 ¢ . o 7w

- »Smooth perforined over 7 years of record (N = 31, 1* order, half-window = 9). The three data pointé iii' '
.:the middle of the plot appear to be a real increase in CF rather than outliers. About 23% of the data are
nondetect. Well 23296 is located in South'Walnut Creek and west of Pond B3.
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Figuré 4-7 Smooth of Methylene Chloride Concentrations in Groundwater at Well 23296

Smooth performed over 7 years of record (N.=31,.1* order, half-window = 0). Similar to.the previous -

CF. smooth, the data-points.near the-middle.of this plot indicate real increases in MC concentration, .

O .

Actually, 74% of the data are nondetect with some. elevated detections. Well 23296 is located in South
Walnut Creek and west of Pond B3.
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Figure 4-8 Smooth of Trichloroethene Concentrations in Groundwater at Well 3586

Smooth performed over 9 years of record (N = 68, 1% order, half-window = 14) and shows the atteriuation
of TCEto the detéction limit. Forty seven percent of the data are nondetects, mostly at the lower right of
the'plot. Well 3586 is located just north of the Mound Site plume groundwater treatment syster;, which

was installed during 1997 — 1998. The midpoint of the x-axis is 1994 so the decline occurred prior to the
treatment system. '
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Figure 4-11 Smooth Qf Nitrate/Nitrite (as N) Concentrations in Groundwater -at-‘Wcll 70193 - e

Smooth performed-over 11 years of récord shows a single large ‘outlier superimposed on'a sliéfit‘ilpward' <

trend (N = 36, 1* order; half:window.=8)-* Note how the-srooth’i ignores ‘the-outlier. ‘Well 70193 isa-*. '~

RCRA (upgradlent) groundwater monitoring well at the Presént Landfill.
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»Figufe 4-12 Smooth of Uranium-234 Activity in-Groundwater at Well B210489 . .

- Smooth performed over 12 years of record (N.= 33, 1¥ order, half-window = 8)., First and 2"*order
;- smooths of this data suggest an activity maximum exists after abo_ut_ﬁve years of monitoring. . In the
. author’s opinion, that maximum is not noticeable to the naked eye if the smooth were absent. B210489 is
- located east of the former Solar Evaporation Ponds (SEPs).
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Figure 4-13 Smooth of Vinyl Chloride Concentra’tiohs'ih:Groundwate} at Well P115689. " '

Smooth performed over 10 years of record-indicatés an‘increasing trend in'VC C()nc'entratidn‘j(‘N: 19, 1*
order, half-window ='4). These data contain-about-10% nondetects. - This well isl1ocated east-of B5S51. "
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Figure 4-14 Smooth of Trichloroethene Concentrations in Groundwater at Well 00491 .

Smooth performed over 12 years of record (N = 44, 2" order, half-window = 12). Various lsf.ar)d--Zf‘dv .
order, smooths of this data all indicate the TCE concentrations peaked after one or 2 years of monitoring,:

followed by a nonlinear downward trend during the next decade. Nondetects are only 2% of this data.
Well 00491 is located in the americium zone.

Review Exemption: CEX-105-01
4-19




04-RF-01164

- Figure 4-15 Smooth of Tetrachloroethene Concentrations in Groundwater at Well 02291

Smooth performed over 12 years of record (N = 42, 1* order, half-window =-8).- Despite the variability'in
" PCE concentrations, both the smooth-and the raw data imply the presence-of an increasing concentration
trend.- These data contains only 2.4% nondetects. “The well'is located in THSS 113 at the Mound Site.

P
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Figure 4-16 Smooth-of Dissolved Arsenic Concentrations in Groundwater at Well B206989

Smooth performed over hearly 14 years of record (N = 14, 1* order, half-window = 4) It may not be - .
defen51ble to evaluate a trend in this data because it consists of 50% nondetects. ThlS well is located in..
No Name Gulich east of the East Landfill Pond
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Figure 4-17 Sfﬁooth‘ of Nitrate/Nitrite (as N) Concentratioiis in Groundwater at-Well'B206989

Smooth performed over 14 years record (N = 28; 1% 'ofder_,’half-\"vindow ='6) Various 1*and 2™ order -
smooths fitted to this data imply a shallow concentration minifium in the‘data at 6 to 9-years of record: =

- Overall, there does not appear to be an increasing or decreasin’g‘-tren“('i" There aré no nondetects ‘in the™ "
data. This well is located in No Name Gulch east of the East Landfill Pond, and its groundwater contains
nitrate/nitrite concentrations greater than the 10 mg/L surface water action level.
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Figure 4-18 Smooth of Tetrachloroethene Concentrations in Groundwater at Well P114889

.Smooth performed over 10 years of record (N = 20, 2" order, half-window = 8). ' There-appears.to have -
:been avsteepl.y rising trend for the first three years, then a large gap in monitoring until year 8.4. -Step- -
" trend testing methods might be applicable to this data if 1) a hypothesis is proposed that explains why the
--finit'_ial trend stopped and 2) there were more than two recent data points.. This well is located south of
B371.

v
;

55 . . _ ' : Review Exemption: CEX-105-01
4-23 '




<
!

04-RF-01164

o—

| Eooy

Figure 4-19 Smooth of Uranium-234 Activity in Groundwater at Well P415889 -
Smooth performed over 2 year record (N = 15, 1% order, half-window = 3). Less than four years of record
is probably too short ofa perlod for trendmg -The well is located west of B119.* h
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4.4  Statistical Evaluations of RFETS Data Using WQStat Plus

" The RFETS groundwater data described earlier were evaluated in several ways to support trend testlng

decisions. It is 1mportant to remember that these data evaluations are for statistical testmg purposes and -
. they are not intended to describe overall groundwater quality at RFETS A much more complete and

much larger data set would be requ1red for the latter purpose.

4.4.1 Plots of RFETS Data

Test groundwater data from. RFETS were 1n1t1ally 1nterpreted based on vrsual mspectron of three types of
concentration versus time plots generated by WQStat Plus,

1. Time series plots by analyte for each well.
2. Seasonality plots showing deseasonalized concentrations versus time along with the original data
3' | S_hewhart-C',USUM. char_ts by well-analyte pair-. '

These plots are contained in Appendix E. They were used to subjectively estimate if an upward trend, -
downward trend, or no trend at all was present in the data. Strong trends with steep. slopes"that are:
approximately lmear are easy to 1dent1fy visually or stat1st1cally However, trend identification is more .
subjective when the data plot shows numma or maxima, 1s nearly flat- lymg, or contams a trend reversal

When data from multiple wells were plotted on the WQStat Plus time series plots (stacKed time serles)
the concentration scales were often compressed makrng it difficult to visually 1dent1fy trends. The
Shewhatt- CUSUM charts for 1nd1v1dual wells were often easier to mterpret

Seasonality plots are best for visual inter‘pretation of trends because they plot the deseasonalized data

" versus time.” This effectlvely lowers the noise level and emphasizes any trend in the data. Where -

possrble seasonality plots were used in this report to visually identify trends. ‘Later tables will compare
these visual estimates of trend wrth the statistical trend test results

Note that three parameters must be specified when plotting a Shewhart-CUSUM chart These are: “h”a
control limit for the CUSUM value, an upper Shewhart control limit “SCL”, and “c” the acceptable '
displacement of the standardized mean. WQStat default parameters were used in'the present work

because control limits for post-closure momtormg have not been defined. Therefore the reader is
caut1oned that while the Shewhart-CUSUM plots of Appendrx E portray actual RFETS groundwater data '
the control limits “h” and “SCL” indicated on the plots have no significance to RFETS

Review Exemption: CEX—lOS-(ll
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4.4.2 Normallty Testing of RFETS Data

The groundwater quality data were tested for normahty using the Shaplro-erk test for sample sizes <50
and the Shapiro-Francia test for larger data sets. A total of 48 normality tests were conducted using
WQStat Plus. Output from these normality tests may be viewed in Appendix E. Table 4-1 summarizes .

the test results Afor‘data classified by analyte, well, and length of season. Twenty eight of the tests found. -
insufficient evidence to reject the null hypothesis of normality. The remaining 20 tests found statistically

significant evidence of non-norrnality at 95% confidence. Although these data are not a comprehensive
evaluation of the normality of groundwater data at RFETS, the preliminary evidence is that roughly one :

third of RFETS groundwater quality data are not normally distributed. Therefore parametric tests should: =,

not be applied to this groundwater quality data without verifying the statistical assumptions supporting

- the test. In the absence of such verification, nonparametric methods should be used for trend analysis.  °

4.4.3 Seasonality Testing of RFETS Data

Selection of a trend 'analysisAproceduré’is partly baséd on whether or not seasonality influences the.data.

For example, in the absence of seasonality the Mann-Kendall test for trend may be used on groundwater '

data. However, if seasonal effects are significant on water quallty, then the Seasonal-Kendall test should
be used. Altematively, in the presence of seasonality, the Mann- Kendall test can'be used on

deseasonalized data.

The groundwater quallty data from RFETS were tested for seasonahty usmg the nonparametnc Kruskal— B

Wallis test. The nuil hypothesrs of this test is that each season ha's the same median ¢oncentration of a
given analyte Testmg for seasonality via the Kruskal-Wallis test requires a minimum sample size of four
data points per season (i.e., >= four years of seasonal data) Twenty eight sample sets contained sufﬁcrent
data to be tested for seasonahty Statlstlcally sngmﬁcant evrdence of seasonallty in RFETS groundwater
was found at 95% confidence for the followmg three sets of data (Table 4-2).

o Well B206989 nitrate/nitrite data.bas_ed on;_quarterly sampling seasons (B206989 isa RCRA well
s_ampledquarterliy:; however it is frequently-dry.) -
"o Well B206989 nitrate/nitrite data based on semiannual sampling seasons

e ~Well 06091 uranium-234 act1v1ty data based on ’quarteriy_ seasons.

The above evidence of seasonality in groundwater at RFETS serves only to support the use of the °
Seasonal-Kendall tést, or the use of the Mann-Kendall test on déseasonalized data. “Data tested for = -

seasonality represent a small percentage of the more than oné million records of groundwater quality data

collected over 18 years at RFETS. Therefore, on the basis of the above seasonality testing no conclusions’
should be reached regarding the nature and extent-of seasonality in UHSU groundwater at RFETS.
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~ Table 4-2 indicates that only 1 out of 15 se,_‘;i_sonality tests was statistically significant (nitrate/nitrite at -

e

well B206989) for the semiannual data. Two outof 13 te_sts were statistically significant for the quarterly
data. However, because of missing data and small sample sets, no conclusions should be drawn regarding
the detectébility of seasonality in. semiannual sampling versus quarterly sampling. There has been limited . -
monthly groundwater quality sampling at REETS, but there were insufficient monthly data.in the test data:.
to.evaluate seasonality using monthly seasons. ‘

444 Autocorrelatia,n Testing of RFETS Data

Published literature regarding trend analysis frequently mentions that serial correlation can impact the
pgﬁver of a statistical test'for trend. Therefore, the RFETS groundwater data were tested for serial.
correlation by using the Rank Von Neumann test. Tests for serial correlation are also effected by the
presence of seésonality and/or trend (IDT, 1998). Therefore, WQStat Plus was used to first deseasonal_ize
the data and then detrend the data using Sen’s slope trend estimate. The null hypothesis (Hp) is that no
serial correlation is present (i.e., the data are independent). There is statistically significant evidence to.
‘reject Hyo when the computed statistic R, < the tabulated critical value at a given signiﬁcanee level.

~The results of 30 Rank Von Neumann tests are found in Appendix E, and these results are tabulated oﬁ |

Table 4-3. This table indicates that 10 of the 30 tests had statistically significant evidence of serial

- correlation at 95% confidence. Monthly sampling should have higher autocorrelation than quarterly

sampling, and quarterly sampling should have higher autocorrelation ;han semiannual sampling.
However, this is not observed in the RFETS data, probably because of missing quarterly.data, and even
larger percentages of missing monthly observations. Examining the test results by season, Table 4-3

.contains the following results,

-

¢ Semiannual seasons — four tests indicated autbcorrekition, while 10 tests did not
e Quarterly seasons — five tests indicated autocorrelation, while 10 tests did not
¢ Monthly seasons — one test indicated autocorrelation.

Only one monthly test was performed because of insufficient data. The evidence of serial correlation in
the semiannual data is only slightly less frequent than it is in the quarterly data. Semiannual groundwater .
sampling is proposed for post-closure monitoring at RFETS.

The Seasonal-Kendall test is robust against seasonality, non-normality, and can be used with some
nondetects (eensoring), or missing values (Hirsch et al., 1982). However, the Seasonal-Kendall is not -
robust againét serial dependence (Hirsch and Slack, 1984)." A modified version of the Seasonal-Kendall
test was developed to be robust against serial dependence (Hirsch and Slack, 1984).. The modified test

‘does niot work well with periods of record of less than 10 years, and it is less powerful than the orig'mal

Seasonal-Kendall when the data are in fact independent (no serial correlation; Hirsch and Slack, 1984).

o . Review Exemption: CEX-105-01
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The modified Seasonal- Kendall test is more complex, and at the time-of writing, software has not been
located to evaluate it on RFETS data. Because the modified Seasonal-Kendall test was not evaluated and
requires at least 10 years of data; it not *éecommended for post-closure momtormg o '
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Table 4-1 Normality Test Results for RFETS Groundwater Data

04-RF-01164

sl e e TRl

23296

2 Chloroform
2 . CT 06091 24
2 Nitrate/Nitrite - 70193 19
2 Nitrate/Nitrite 06091 25
o2 Nitrate/Nitrite | . B206989 22
) - PCE- 02291 - 19
2 "PCE. . P114889 9
2 TCE 00491 23
2 TCE - 3586 32
2 TCE 43392 21
2 U-234 10194 18
2 U-234 06091 25
2 U-234" .B210489 16
2 U-234 P415889 5
2 Vinyl Chloride | 3586 30
2 Vinyl Chloride | P115689 10
.4 Chloroform 23296 19
4 CT 06091 35
4 Nitrate/Nitrite 70193 33
4 Nitrate/Nitrite 06091 35.
4 Nitrate/Nitrite | B206989 26
4 PCE 02291 26
4 PCE P114889 14
4 TCE 00491 30
4 TCE 3586 52
4 TCE 43392 26
4 U-234 10194 21
4 U-234 06091 33
4 U-234 B210489 30
4 U-234 P415889 8
4 Vinyl Chloride. 3586 48
4 Vinyl Chloride| P115689 15
12 Chloroform 23296 23
12 CT 06091 38 .
12 | Nitrate/Nitrite 70193 36
12 Nitrate/Nitrite 06091 38
12 Nitrate/Nitrite | B206989 28
12 PCE 02291 25
12 PCE P114889 14




| 04-RF-01164

E S . - B T : L. : N e l ¢
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1= - N=N

LR T s R R . s s Ly ) e
12 | TCE {  oo0491 - -32 0914 093

12 TCE . 3586 | 53 . 0.729 - . 0957

127 TCE. | 43392 | . 26 - 0.781 1092
12 U-234 10194 21 0.874 0.908 -
12 U-234 06091 [, 35 10953 0.934 .
12 U-234 .. B210489 29 | 0958 - 0.926 .

12 U-234 .| P415889 - -8 - 0.82° . 0.818
12 | Vinyl Chloride 3586 | 49 ©0.844 0.947
12 . | VinylChloride| P115689 | 15 | * 0917 - -~ {- 0881 .
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Table 4-2 Seasonality Test Results for RFETS Groundwater Data -

)
2 -+ PCE ‘ 02291 - 0.482 N
2 . PCE P114889 0.060 N
2 . CT 06091 . 1.342 "N
2 - U-234 06091 | 0539 N
S 2 U234 10194 0.955. "N
20 U234 B210489 0.070 N
: 2 Nitrate/Nitrite 06091 0.074 N
':’?' 2 | ~ Nitrate/Nitrite | 70193 - 0.007 N -
2 " Nitrate/Nitrite B206989 | .9.129 Y
"2 Chloroform . 23296 0.483 N
2 Vinyl Chloride | 3586 " 0.000 N
2 Vinyl Chloride | - P115689 0.011. N -
L2 . TCE 1. 00491 . ..0.095 N
2 TCE . 3586 0.174 - N
2 TCE 43392 0.000 N
4 .CT . 06091 1.928 N
4 U234 " 06091 11.334 CY
4 U-234 B210489 3.930 N -
4 Nitrate/Nitrite | 06091 - 0.578 N °
4 Nitrate/Nitrite : 70193 4.235 . N .
4 Nitrate/Nitrite B206989 10.554 Y
4 Viny! Chloride 3586 6.088 N -
4. Vinyl Chloride | P115689 -~ 0.879 N
4. 'PCE 02291 -2:125 N
4 “TCE - , 00491 1.850 N
4 . TCE - 3586 o 1.700 N
4 ‘TCE © 43392 6.526 N
4 Chloroform 23296 ~ 0.885 N
: \9/6 . _ Review Exemption: CEX-105-01
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Table 4-3 Serial Correlation Test Results for RFETS Groundwater Data:
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i

o . .
-

N ‘ S'ig;iﬁc_tvl.n:tj .

|

 Season P RankVon | " Table ‘.| . at95%
|- Per Year ~ |. ~ Avalyte. . - Neumann | Critical . | Confidence
) o . o 'f E o _ Statistic RV I Value A L .Y =Yes R
s Ly IR o - N=No..
2 Chloroform 23296 2.24 1.19 N
2 CT . 06091 T 1.27 1:35 Y
S 2 Nitrate/Nitrite 06091 “1.31 1.36 Y -
2 Nitrate/Nitrite 70193 1.54 1.27 N -
2 Nitrate/Nitrite . B206989 1.89 1.32 N
2 * PCE 02291 224 1.27 N
) TCE © 00491 1.95 , 1.33 N
o2 TCE . 3586 261 1.43 N
o2 TCE 43392 1.16 1.31 Y
2 U-234 06091 ‘3,38 1.36 N
V2 'U-234 10194 ©1.94 - 1.26 "N
P2 - U-234 -B210489 1.39 121 N
2 Vinyl Chloride 3586 0.97 141 Y .
22 Vinyl Chloride | ~P115689 ~1.65 1.04 N
-4 Chloroform . 23296 2.60 1.27 N
4 . CT . 06091 082 - 1455 . Y
4 Nitrate/Nitrite - 06091 - 1.50 1.455: N
4 Nitrate/Nitrite 70193 2.24 - 1.44 ‘N
v 4 Nitrate/Nitrite - B206989 1.63 1.37 N.
. 4 " PCE 02291 2.41 1.37 - “N
4 PCE P114889 1.84 " 117 . N
4 TCE 00491 178 - 1A N
-4 ~ _TCE - 3586 1.48 1.548 Y
4 TCE 43392 0.75 1.37 Y
4 -.U-234 06091 1.85 1.44 N
4 U-234 10194 2.21 131 "N
4 U-234 B210489 138 - 141 Y
4 Vinyl Chloride . 3586 -+1.05 1:53 Y
4 Vinyl Chloride P115689 - 2,00 . 1.19 ¢ N
2 ~ CT 06091 1.14 1.48 Y
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4.5 Trend Analysis Results from WQStat Pl‘us o

Test data sets contammg groundwater quality data from RFETS were processed by program WQStat Plus

The objectlve was to compare three nonparametrlc trend analysis procedures ‘and assocmted slope

estrmatron methods The three procedures are:
- ‘Mann-Kendall test for trend applied to unadjusted groundwater concentration data;
¢ Mann-Kendall test for trend applied to previously deseasonalized concentration data; and

¢ : Seasonal-Kendall test for trend applied to unadjusted groundwater concentration data. . -~ - -

" Deseasonalization was done followlin'g the method of EPA (1989). Each deseasonalized concentration

equals its unadjusted concentration plus the grand mean, minus the seasonal mean. Deseasonalization is:

~also drscussed by IDT (1998).

* “The output from the above tests is contained 'in Appendix E. Output from procedure 3,:the Seasonal- ..
' Kendall test, is entitled “Seasonal ,Kendall Slope Estimator’”” in Appendix E. - The well name is printed:. .

under the, title block, and the computed Seasonal-Kendall statistic is labeled “Z.” Negative values of Z_ A
indicate a negative slope or downward trend, if the test is statistically significant at some confidence level
(95% confidence is used in this report). Positive values of Z indicate a posmve slope or upward trend, if

- the test is statistically significant.

H

Results fro_m Procedure l»; (the Mann-Kendall on unadjusted data).are entitled “Sen’s Slope Estimator” in
Appendix E. The test is slgniﬁcant when the calculated Mann-Kendall statistic is greater than the critical .
value at 95% confidence (shown on the output as an alpha value of 0.05). Appendix E results from
Procedure 2 (the Mann-Kendall on deseasonalized data) are-entitled “Sen s Slope: Estrmator (Alt.

- Values) =

“The test results (at 95%:conﬁdence) of the above three procedures.have been tabulated in Table 4-4. ‘The
left-hand column sh;ows{the number of seasons assumed in creation of the data set. The results of
.. Procedure 1 are tabulated 7 columns from the left as “U” for upward trend, “D” for downward trend, or

“N” for no trend. These trend results are given at the 95% conﬁdence level. Column 8 data is the
steepness of the trend based on Sen’s nonparametric slope estimator. This estimator has units of ug/L per
year for non-radionuclides, and pCi/L per year for U-234.

Table 4-4 column @1 (from left) holds the results of procedure 2, the Mann-Kendall test on

_deseasonalized data. Again the Sen slope estimator follows it in column 12. Empty cells in the table
= indicate that there were insufficient data points to deseasonalize the data. At least four points are required-

per season.
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" Fifteen columns from left in Table 4-4 are the Seasonal-Kendall test results. Column 16 holds the related

slope estimator results. More subjective, visual estimates of trend based on inspection of seasonality

~ plots, are listed in the fifth column from the right side of the table.

The four nght most columns of Table 4-4 compare the trends predlcted by the varxous methods asa crude*.

" indicator of relative performance Specnﬁcally, the fourth column from the nght compares the results of
the ordinary Mann-Kendall test with its counterpart on deseasonalized data. This indicates that out-of 33 -
' comparisons, 30 of the tests (91%) gave the same. predictions. Predlctably the tests differed for quarterly -

seasons of mtrate/mtrlte at Well B206989, and U-234 at Well 06091, which were prevnously shown to

- have statlstlcally significant seasonahty

Column three*(from right) compares.24 Seasonal-Kendall tests with their Mann-Kendall counterparts;(the |
- latter using deseasonalized data). Twenty one of the 24 tests (88%) gave the same results. Given this::
similar performance it is 51mpler to use the Seasonal -Kendall for post-closure momtormg, and’ avord the' -

need to deseasonahze the concentration data’

- Steep, highly ! lmear data trends are easy to 1dent1fy Human mterpretatlon of trends becomes more.. ;;. :
_ subjective if the smooth is highly nonlinear, or as the trend slope approaches zero. However itis -

instructive to" compare trend detectlon by humans (the visual trend result) with the Seasonal- Kendall 165t

- result-at 95% confidence. Thrs comparison: is'done in column 2 (from right). Agam 21°of 24 tests, (88%) :

agree on the trend result

- Column 1 from rightis a similar comparison of the visual‘:trends against the Mann-Kendall test with -
. deseasonalized data. Only 82% of these MK tests agreed with the human interpretation. This is a second-
- reason to prefer the Seasonal-Kendall for post—closure momtonng and to dlspense with the need to-;

T

. In conclusion:, all three nonparametric trend analysis: methods worked quite ‘well with the RFETS i

groundwater data." All three statistical methods were usually in agreement with the more subjective trend

identifications made by humans. The Seasonal-Kendall test agreed very closely (88%) with the Mann-

Kendall test when the latter test used deseasonalized data. Given'this similar performance, it i$ simpler to
use the Seasonal-Kendall for post-closure monitoring; and avoid the need to deseasonahze the” - i
concentration data. - : . .
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4.6  Trend Analysis Results from Program TREND3

Previous Section 4.5 discussed trends visually identified from inspection of seasonality plots and
compared to hypothesis tests of trend performed by WQStat Plus. However, there are other ways to -
evaluate trends. In the present Section, trends have been visually estimated from many of the LOWESS. .
smooths, which were discussed in Section 4.3. These visual trends were compared to the Seasonal-.
Kendall test of trend pefformed by progfam TREND?3 (Gilbert, 1987, Appendix B).

Another difference is that the nondetect results were used at the reported value in the WQStat Plus _rilns. :
Nondetects were included at one-half its reported value in the TREND3 runs. The output of TREND?3 is
contained in Appendix F and the test results are tabulated on Table 4-5. :

Table 4-5, column four (from left) shows that between 8 and 15 years of data were potentially available -
for trend testing. However, the 8th column indicates that substantial percehtagqs of data were missing.

' Missing data reached a maximum of 89% for vinyl chloride at Well P115689, assuming monthly seasons..
Inspection of Table 4-5 indicates that monthly seasons have the highest percentages of missing data, and
semiannual seasons have the lowest. This is because relatively little monthly groundwater sampling is -
performed at RFETS. RCRA wells B206989 and 70193 are sampled quarterly, but show missing data - -
because of limited availability of groundwater near the Present Landfill.

Table 4-5, column three (from left) lists the subjective visual estimate of trend for each-analyte-well
combination. Column three also notes data problems, such as outliers, obseﬁed in each data set. The st
column indicates that semiannual, quarterly and monthly seasons were evaluated, and the 6” column
shows the number of seasonal data points available. When the data sets were created a maximum of one -
data point was selected to represent each season. o

The null hypothesis of the Seasonal-Kendall test is that there is no trend. When the absolute value of the
computed Z statistic is greater than the critical value of 1.645, then there is statistically significant

" evidence of a trend at 95% confidence. If the Z score is positive the trend is upwards; if negative the
trend is downwards. The 3™ column from the right on Table 4-5 indicates if a significant trend was
detected by the Seasonal-Kendall test. ‘ ' ' '

The right-hand column of Table 4-5 compares the visual trend prediction based on inspection of
LOWESS smooths with the Seasonal-Kendall test results. Out of 21 comparisons, 18 agree.(86%).- This "
result is consistent with the 88% agreement found in Section 4.5 which compared Seasonal-Kendall tests
run by WQStat Plus to visual trend identification based on seasonality plots. Much of the 14%
disagreement between the ‘Seasonal-Kendal_l and visual predictions based on smooths isprobably the

result of the subjectivity of trend identification by humans.

Table 4-5 indicates that the Seasonal-Kendall test generally predicts the same trend (or lack of trend),
regardless of whether the data consist of two semiannual seasons, four quarterly seasons, or 12 monthly .

_ Review Exemption: CEX-105-01
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seasons. This was true despite the fact that much of the monthly seasonal data was missing from the data’
sets. This absence occurred because groundwater monitoring at RFETS is more commonly semiannual or

quarterly.

Review Exemption: CEX-105-01
4-40 :




10-S01-XdD :uondwoxg maraay

v

- ual : o o o t T - Ksiou A1oA - .
SR EémfiL Csex LT eLeT | oS 9T 9T V- g€1° | ®eep uonenuaduod ;nq 16220 JUYI20I0[YoR )
p d n . LT » et -‘ . g . . ‘Pus_-ﬂ pmmdn Q]B.IQPOW o -
P - T T - S i I Zsiou K1oA . g o
oA EéMciL R\ 86T | 69T | L "6l Yz €1 BJEP UONENUIOUOO NG | [6ZZ0 | SUSYIA0IO[yoENa)
o preman) e ’ . o : ‘ ‘puan premdn ajelapop
%e6 18 SIX - . ] ‘ded ejep reak ¢ .
*20uapyuod WON. .| . ON - "80SI | 988 [ . LIL.. SUo | Tt [0 11 . [isutod eiep moy Ajaanear ). 68961 1d | -9PHO[YO [Auta
%56 18 ON ' C ’ ' ' : ‘puan premdn Suong
- - - "de3 ejep ek ¢ :
puaIiL . ) ‘ : :
Sax Sak ¥i9°C 6'S9 6T St 14 11 ‘siutod erep may Ajpanelal| 689511d apuo[yo [Auia
premdn : : .
: ‘puan premdn Suong
T ‘deS ejep 183k ¢ . :
puallL . o e . . .
- S9K ‘ SA- 865C | S¥S 4 01 z 11 ['swuiod eep maj Ajane(as| 689S11d | 2puOYo [AutA
premdn i . .
: . ‘puon premdn uong | - . .
o puaI], o ] . - I2I[IN0 aWaNX3 | BIEp SE—
A premdn A 14144 LeL 9§ 9¢- 4! 11 ut pudn premdn 1ysys £610L miayrent
s puai], N S N : J2I[IN0 JUIANX3 | ‘elep O —
A premdn) A w9 0'sT 11 133 .V' 11 us puan premdn WSS £610L LU e
: puai] ' . . . I9I[IN0 JWanXa | ‘elep
S premd) SIA 6£6'C 9¢l € 61 (4 11 ut puon premdn 1y31S £610L duu/entu
SaX SUoN AN ¥'v8 [4y! 8T 4l S1 . . UK SNOIAQO ON 63869024 i REnU
SIX JUON puaz SNOIAGO ON 6369024 S1nIu/AENIu
puai} SnolAqo ON 68690Cd A Aeniu
S
=4
e
o8
g o
-
.g E.'
v

uresSo14 £q painduwioD) SHNSay PUSLL, [[EPUY-PUOSERS YA SUIOOWS SSTAOT WOl PALIUSP] SPUAILL, [ensiA Jo uostredwo)),

¥9110-Td:v0

"CANTAL
S-veIqel

=
=
-



10-501-XgD ‘uondwaxg Moty ~ - R

.- . . _. ) — ] . . — ] .. | pioodrjosmak . =
pua1], : ) K 1 01In0 spremumop % | _ apuIoyoBN]
@A . premdn 901 8¢ e . 4 [ES19A91 PUAI) USY) ‘SIeak’ __aowo _ uoged
TR SR R N . |8 103 Buons-pusn premdn | - . '
e p— . T S R e
- - pual], Y- |- 2101 Ino ..m‘,?m\sckon » Spuo[yoeId) o
oA premdn 4 N_w [Bs19A31 nc,wh udy) ‘sreak 16090 ) uoqies :
’ . g 10y Suoxs.puan pemdn
. T : kg i T — i "P1033130 183k h -
_ ) puaIy, . N o SOV B ST | TI o1Ino spremumop % ~ 3puo[yIens)
oA premdn). oA s6L N | 00 - 0 e R AL [ES19A31 pual UaYy) ‘s1eak 16090 . uoqres
- 8 40y Suons pusn premdn | - :
| ] - A . ) ~"BIEp ASIOU RS -
ON- SUWON | T oN Tiro- $'Z8 66 [ 4 rA B 1) "elep ul a8ue ANIANGE MO 6101 veTn.
. : - ‘pusn premumop WSS | . '
BIGTE oA : - T — T T T .:..;Ewnzm_ozm. - —————
‘aoudpyuod | 3JuoN ON | ste'1- | Sty 61 1T Yy 01  |'wiep ul'd3uel Qanoe mo[|  p6IO1 vezn
%5618 ON : : : ~ ‘pusn premumop 3N . _ : :
- u=.0h - - - N — .. - .Nummu .\ﬂmmoc —
oA L sax VT | 001 .z - gl ¢ | o1 |wepuofuer iuanse mor| w101 pszn
v,.,..” moQg v . - ' i ‘ . “puai.premumop 1yis R
’ SaX QUON ON SIso ,o.o.n €L €T 4! 8 | Puln'snoiAqooN uriojorory>
SO UON ON -l €5T0- 90y €l 61 v 8 puaiy snoiAqo oN uojoIo[Yd
S 3ON | © oN | 08F0 €9 I st [4 8 . PusnI Snolaqo oN ULIOJOIOTYD
. N § B , " B HE Astou K19A .
$9X WMMM._. T S9A 111z 0v8 €1 Sz ral €1 ®IEp UOIIEUIOU0O Jnq SUIYIA0I0[YIRIIA]
prEmen : ‘puany premdn eIapo
> .L T .S T - R ! o . f e . Sv . v B i . - n.. i . .
— N ) < . . L - P N H . Dos [y
s - ‘ °. <38 M.l,. o - N g3 - - N B e 25
= o 8 =1 8 8.1 8.3 g8 B 2 m : .m..s
= g = ,,\.M/t:ha_.m, 241, MVJ m,. w3, w.muy.m..,., 2 m mp BE LT & oo B AR
Lot | w7z UETE B85 | 28| =%g | 22 me || wE” S
- - _ .‘ ‘® S n ).1' o : . - - .- ‘@ ‘.-uv... -
8% | 83 \pgEES| RE g2 [FEz | S| EE |28 SSER
w W, . fm. 2 ‘m e 8 N mx 0 a..mﬂw,. g B m. Sl m o e 2 W..wa
m.a ’ G q( P ENY X ,i,,.w B A AT BN Mt w. e mﬁhﬁ B - e m g
- <z e . N T i R | s >

Y91 10-Td-90 ‘ o . _ : <




04-RF-01164

4.7  Trend Analysis Results Using An Exogenous Variable
Trend analysis of groundwater quality data normally examines analyte concentration as a function of - -~
elapsed time, measured from the dates of water sampling events. An external, independent variable such
as net infiltration, or the variation in water table elevation, may influence the gfoundwaterﬁ concentration’:
data. This is postulated to happen from the mivxing of two water quality types: infiltrating precipitation
(rélatiVely dilute concentrations due to short residence time), and groundwater with higher concentrations
and longer residence time. It may be possible to mathematically model this influence and remove it from
the data. Removal of this external variable may enhance our ability to detect a concentration.versus time
trend. . '

An exogenous variable is an independent variable whose value is determined-externally to a statistical:-
model. By contrast, an endogenous variable is a dependent variable whose value is determined within the
model. As discussed earlier, a plausible exogenous, variable for evaluation with groundwater quaiity data -
is the variation in water table elevation. It is postulated that the change in elevation reflects seasonal.
variations in groundwater recharge due to inﬁlfrating precipitation, which mayin turn affect analyte .-,
concentrations in UHSU groundwater at RFETS. - 4

Historical water level measurements were retrieved from SWD for the wells and sampling events used in
the trend testing quarterly data (Appendix C). Water levels are measured at RFETS as the depth to water
(in decimal feet) below the top of the well casing. This depth to water'usually varies seasonally, and-
between sampling».events. The mean-water level depth was computed for-each well using all available - -
water level measurements. The water level deviation for each well and sampling event was computed as'
the mean depth minus the water level measured prior to sampling. Therefore, positive water level

changes indicate a water table elevated above the mean, while negative changes indicate a depressed
water table.

Because each well has a different depth from the ground surface to its mean water table, and the wéll_s
were installed at various surface elevations, the physical elevation of the water table is not of particular

interest here. It was convenient to work with changes in water table depth measured relative to the top of
well casing. '

For each combination of analyte and well, concentration data (measured quarterly), weré'plotted on the
vertical axis (y-axis) versus the corresponding water level deviations on the horizontal axis (see '
scatterplot Figures 4-20, 4-21, 4-22). A second order LOWESS smooth was then fitted to each scatterplot
by program Robust Fit. These smooths are the curves or line ségments shown on the plots. The smooth
is assumed to indicate the general effect on concentration of the changes in water level elevation.
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Figures 4-21 and 4-22 indicate wide scatter in the concentration versus water level deviation data. The
horizontal point band of Figure 4-20 mdlcates that nitrate/nitrite concentration is relatlvely insensitive to.
10.4 feet of change in water levels at Well 70193. The coordinates of each fitted smooth may be exported
from Robust Fit to a spreadsheet. -

The effect of water table fluctuation on concentration is:removed by computing residual concentrations. :
The residual concentration (delta C) is.computed: as each-measured concentration minus the

corresponding y-value of the smooth. These concentration residuals may then be plotted versus time, and
analyzed for trend using the Seasonal-Kendall test in WQStat Plus. L S

Seasonality plots' were generated in WQStat for TCE concentration residuals at wells 00491, and-3586
and for nitrate/nitrite at Well 70193. The Kruskal-Wallis test failed to find evidence of seasonahty 1in any
of these plots at 95% confidence. . : . S A EIREUS

N Tiie Seasonal-Kendall test was applied to t'he'concentration 're'siduals; the results ar_e~s'hownin Table 4-6.
The absolute values of the Z’s calculated on concentration residuals are-smaller than the Z’s calculated -
from concentration data which were not adjuéted for water level changes. Therefore, the water level’
N adj ustments weakened the Seasonal-Kendall test’s ablhty to predict concentration Vefsus time trends. 'In-
fact, the TCE concentration residuals in Well 00491 falled to find evidence of a decreasing trend at 95%
confidence. It did detect the decreasing trendat a lower confidence of 89%. These trend analysis
comparisons were performed on a small sampling of analytes and wells so the evidence should be.
, considered preliminary. In conclusion, preliminary evidence indicates that water level adjuétmedt-of ;

. analyte concentrations in RFETS groundwater fails to enhance detection of concentration versus time. -

trends.
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l Table 4-6 Comparison of Seasonal-Kendall Test Results usmg Either Unadjusted Concentratlon ‘Data, or
Adj ustmg it for Water Level Fluctuations.
l TCE 00491 = -1.613 : -5.144 None Down . Down
l TCE 3586 -1.966 -5.756 " Down Down Down
| Nitrate/ | 70193 ‘3,144 3.62 - Up Up Up
l nitrite ' '
i
L
\
|
'/\ \0 Co ‘ ‘ . ) Review Exemption: CEX-105-01
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Figure 4-20 Smooth of Nitrate/N itrite (as N) Concentration (y-axis) versus Water Level Deviation from
the Mean (x-axis) at Well 70193. -

The éfnoﬁth ignores the 30 mg/L outlier. (2™ order smooth, n=33, half-window=6). The nitrate/nitrite
concentrations do not appear to be strongly influenced by up to 10.4 feet of variation in groundwater level
at this well. V
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: vagure 4-21 Smooth of TCE Concentratlon (y-axis) versus Water Level Dev1at10n from the Mean (x-
"ams) at Well 3586

'ThlS is a 2™ order smooth, n=32, half-window=6. The TCE concentration does not appear to be affected
_":by up to 6.2 feet of water level change at this well.
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Figure: 4-22 Smooth of TCE Concentration (y-axis) versus Water Level Deviation from th¢ Mean (x- .
axis) at Well 00491. ' g 4 i

This is a 2" order ;n’l'é)oth, h;26, hélf—wirjdow=6.
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4.8 Application of Trending Methodology at RFETS -

This report has been limited to a review of water quality trending methods. This work repreéents only a.
single aspect in the design of a post-closure monitoring program for RFETS. Numerous technical |
decisions remain to be made regarding data collection and interpretation. Examples include decisions
about the list of analytes to be monitored, suitable analytical methods, required detection limits, selection
of appropriate monitoring well locations, number of wells, screened interval, and sampling frequency.

A well located far downgradient of the 1A is expected to contain groundwater with nondetect or very low
concentrations of manmade COCs, and background levels of naturally occurring COCs.” Groundwater

samples collected from that well may yield VOC data that is 99% or 100% nondetects.. Such data cannot -

be meaningfully trend tested. Trending analysis also requires some minimum number:of data points .
collectéd at a regular sampling frequency, over a monitoring period of at least four years. ’

These technical decisions will be documented in a sampling and analys1s plan for post-closure
groundwater monitoring at RFETS or a similar document, yet to be developed. The plan’ should contain .
all of the elements of a traditional samplmg and analysis plan for environmental monitoring. It should -
also include a flowchart of the stanstxcal decisions and logic to be followed in processing and testing the.
post-closure monitoring data.

ReView 'Exemption: CEX-105-01
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5 SUMMARY. AND CONCLUSIONS

This.investigation has reviewed much of the published literature regarding trend analysis:metho'ds
Emphasrs was placed on trend analysis of environmental water quality data. The literature review
_indicates a number of data propemes that may influence the selectron of a statistical trend analysis

- method and its ability to correctly recognize a trend. These data properties include::

. " The statrstrcal drstrrbutron of the data (the populatron from whrch it came)
o Censored data and multiple detectron lmnts in the data;
) . Serial correlation in the data;
e Seasonality and climatic effects on water quahty; :
s  Observations missing from the \'dat‘a';
* o . Multiple observations per combination of analyte-monitoring-well-season;
e 'Temoorally 'Varliahle‘ data; ineonsistent sampling or anaiyticai pr_ocedures_’~
~ e Data outliers; and | 4
e The period of data'record. Is there enough data, or is there too much data?
This investigation considered step trend and monotonic trend identification. 'Monot'onié'trend analysis.‘ 1s
the most common type, and it is performed unless there is reason to antrcrpate a step trend i in water

quality. It is concluded that. numerous D&D and remediation events at RFETS (e.g. groundwater

treatment systems) may affect local downgradlent groundwater quallty, but that changes w111 likely be
gradua]

Most of the published 1nvest1gat10ns of water quallty trends since 1980 have utlllzed nonparametrlc
statistical tests for monotonic trend. Parametric methods of trend analysrs require that the sample data are
independent and were drawn from a normally dlstrrbuted population. Parametric methods that mvolve

“ computation of the sample mean and standard deviation are more seriously impacted by data outliers than
- are nonparametric methods. Experience with groundwater quality data has also indicated that these data

are frequently non-normal. This shifted the focus of the report to selecting some candidate nonparametric
methods for further evaluation.

Three nonparametric trend analysis methods that are widely used in the water quality literature were
selected as candidate methods for further testing using groundwater quality data collected at RFETS. The.
candidate methods were:

e Mann-Kendall test for trend on unadjusted concentration data. (Sen’s slope estrmator method was
used with the Mann-Kendall to estimate trend magnitudes);

Review Exemption: CEX-105-01
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e Mann-Kendall test for trend on deseasonalized concentration data.” '(AI)eseaISOnaliaat'ion was' '
performed by the method of EPA (1989))-, and -

4.

e Seasonal-Kendall test for trend on unadjusted concentration data (The Seasonal-Kendall slope

estimation method- was used with this test ). o S '
Groundwater data for testmg these methods was drawn from the “Groundwater Superset.” Test data
contained examples of many of the data properties listed above, e.g., outliers and missing data. Data sets
were created to compare trend test results for three groundwater sampling intervals (seasons):

semiannual, quarterly, and monthly.

Shapiro-Wilk tests indicated that about 40% of the groundwater data were not normally dlstnbuted This
supported the decision to use nonparametric trend analysrs methods. P :

The three candidate nonparametric methods gave similar trend predictions regardless. of whether the input -
- data were defined as semiannual seasons, quarterly seasons, or monthly seasons. This was not expected

~ since much of the data were missing for monthly seasons. The methods all worked consrstently with the

RFETS groundwater test data despite the presence of data issues such as outliers.-. - &

The Seasonal-Kendall test is preferred over the ordmary Mann-Kendall test for post—closure momtormg at
RFETS for the followmg reasons

. Statistically sxgmﬁcant Seasonality was 1dent1ﬁed at 95% conﬁdence in some of the RFETS
) groundwater test data The Mann- Kendall on unadjusted data does not account for this :

e The Seasonal- Kendall test agreed closely (88% of the time) with the Mann-Kendall tect when
ihic iaiicr was usea on deseasonalized concentration data. Thus we should use the Seasonal-
4 Kendall and av01d the need to deseasonalize the groundwater data ' )

‘e The Seasonal Kendall test (used at 95% conﬁdence) agreed well (86 to 88%) with the more ~*

subjective trend 1dent1ﬁcat10ns ‘made by human 1nspection of seasonahty plots or of LOWESS
smooths. - ' C

The Rank Von Neumann test was run to test for serial correlation in the groundwater data. ‘Data were first .

deseasonalized and then detrended prior to running the Rank Von Neumann test, because it is sensitive to
trend and seasonality Statistically significant (at 95% confidence) serial correlation was’ found in some’’
of the quarterly and semiannual data.” The literature indicates that serial correlation is greatest at higher
sampling frequencies. Therefore, semiannual groundwater sampling is preferred over quarterly or

monthly sampling, for post-closure monitoring.

N . - . ! EREEN

Measured deviations from mean water table elevation were used as an exogenous variable for trend
analysis of groundwater. LOWESS smooths were used to adjust concentration data for groundwater for
hypothetical impacts due to water table changes at RFETS. The Seasonal-Kendall test. was applied to the

" Review Exemption: CEX-105-01
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adjusted data (concentration residuals) and the results were compared with those based on unadjhsted
data. The. absolute values of the Z statistics calculated on concentration residuals were smaller than the
Z’s calculated from concentration data which were not adjusted for water level changes. Therefore the
‘water level adjustments weakened the ability of the Seasonal-Kendall test to predict concentration vérsus
time trends. This preliminary evidence (based on a few well-analyte combinations) indicates that water
level adjustment of analyte concentrations in RFETS groundwater fails to enhance detection of
concentration versus time trends.

_The literature says that nonparametric trend analysis methods, including the Seasonal-Kendall tes_t,' are.not

robust against serial correlation. However, despite the serial correlation found in the RFETS test data, the
trend predictions of the Seasonal-Kendall test agreed very well with the visual trend predictions of
humans. It.i$ concluded that the Seasonal-Kendall test should work well on groundwater data collected
sermannually for post-closure momtormg

A possible altemative for post closure monitoring is to use a modified version of the Seasonal-Kendall

test which compensates for serial correlation (Hirsch and Slack, 1984). Hewever, this modified test
requires at least 10 years of record, and is less powerful than the ordinary Seasonal-Kendall test when the
data lack serial correlation: Therefore, if statistically significant serial correlation is not found to.be -

abundant in the post-closure data, the ordinary unmodified Seasonal-Kendall remains the best monotonic
trend test.
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RESPONSE TO COMMENTS ON DRAFT STATISTICAL METHODS
FOR TRENDING GROUNDWATER QUALITY DATA
Dated July 2004

During August 2004, Rocky Flats issued a draft of the above report for review. CDPHE
responded with review comments by Edgar Ethington and Elizabeth Pottorff. EPA did not
provide written comments. This letter contains our responses to the CDPHE review comments
and describes how this report has been finalized.

Comment 1
I concur with the recommendation of the report to use the Seasonal-Kendall test to estimate

trends. It is a robust, non-parametric statistical test with a minimum of pre-test data
manipulation.

Reply 1

We agree.
Comment 2

I do not concur that semi-annual sample intervals are always preferred. Sample intervals need to
be area specific to dynamic hydraulic systems.

Reply 2

Groundwater velocities at RFETS often vary seasonally and by area and lithology of the porous
medium. Groundwater velocities on steep hillsides are generally faster. However, the mean
groundwater velocity through Rocky Flats Alluvium is only 105 feet per year, and 138 feet per
year in Colluvium (2003 RFCA Annual Groundwater Monitoring Report). Since 1996 the
routine groundwater monitoring network at RFETS has successfully used semi-annual
groundwater sampling, with the exception of RCRA wells, which are on quarterly monitoring.

Comment 3

I recommend a section be added to briefly describe, in mathematical notation, the use and
appreciation of the three trending methods described. §3.7 perhaps. R. D. Gibbons (1994) gives
a good example of a brief mathematical description.

Reply 3

We don’t believe that adding a new section is necessary. Readers who desire a detailed
understanding of these methods are referred to the published scientific literature cited in Section
6, References.
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Comment 4

The assumption that trends will be monotonic is a best guess. I do not disagree that this
assumption is an appropriate first estimate. However, other assumptions will be considered
during periodic review of the data.

Reply 4

We agree. The data are likely to display a number of fluctuations, up and down. Whether these
represent long-term trends might be arguable, but they will likely result from various causes as
noted in the trending discussion.

Comment 5

The trending considered in this document is for long-term multi-year trends.

Reply 5 \
We concur. A number of years of data are required to identify significant trends.

Comment 6

§2.5  Extra effort needs to be made to minimize lost data points. If samples are lost or
rendered unusable, the sample should be retaken as soon a practicable.

Reply 6

Replacement.of lost or unusable water samples is a reasonable idea and should be considered in
the procedures for post-closure groundwater monitoring.

Comment 7

§2.6  Last paragraph. In a seasonal data set with more than one sampling event, a seasonal
average result is preferable to a randomly chosen datum.

Reply 7

The report follows the findings of a paper by statisticians associated with Colorado State
University, who indicate that collapsing data by random subsampling is statistically more
effective than using the mean or median. See Harcum, Loftis, and Ward, 1992, Selecting trend
tests for water quality series with serial correlation and missing values: Water Resources
Bulletin, V. 28, No. 3, p. 469-478.

Comment 8

§2.10  The Department concurs that trends in water quality data are often non-linear. Changes
in water quality more often exhibit an exponential form.

[N}
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Reply 8

We agree that water quality trends are often non-linear; standard industry practice is to test for
monotonic trends but such data should not be assumed linear.

Comment 9

§2.10 - Last paragraph. Another objective of post-closure monitoring will be to demonstrate
ground water goals are being achieved, or not.

Reply 9

We concur. The outcome of a trending analysis could show conditions other than those

“anticipated or desired. Contingencies should be planned for such eventualities.

Comment 10

§2.11 Second paragraph. [ do not concur with a suggested proposal to include data records for
wet and dry years in the initial trend analysis. Site closure represents the start of a new
hydraulic equilibrium. Wet and dry year results from a former equilibrium will skew the
results.

Reply 10

We concur that closure represents the start of a new hydraulic equilibrium. However, a minimum
of four years of water quality data will likely be required before trend testing can. usefully be
employed. Thus, if stakeholders desire trend testing to start following the first year of post-
closure monitoring, it will be necessary to base the trend on at least three years of pre-closure
data. If trend testing were to begin with the first CERCLA five-year review, then no pre-closure
data need be used.

Comment 11
§3.2  Use of exogenous variables in trend analysis may be useful. It may not.

Reply 11

We concur.’ The selection of an appropriate exogenous variable, and an accurate and quantifiable
understanding of its influence, is critical to its successful application to a trending analysis. Our
initial application of an exogenous variable failed to enhance previously identified trends. We do
not propose applying trending analysis compensated by such variables.

Comment 12

Manipulation of data should be kept to a minimum. Since the Seasonal-Kendall method
does not manipulate or smooth data, it is preferred to a method that computes a seasonal
mean or grand mean as part of the testing process.
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Reply 12

We agree; that is part of the basis for our proposal.
Comment 13

§4.4.2 1 would not make the initial assumption of normality for water data sets, particularly
contaminant data sets. How do the data sets look when non-normality is the null
assumption?

Reply 13

The Seasonal-Kendall method has been selected because it does not require any assumption or
proof of normality. We agree that many water quality datasets are not normally distributed. The
application of parametric methods requires that the data were randomly drawn from a normal
distribution, and eliminates such methods from further consideration. Section 4.4.2 simply
reports the results of testing the groundwater data for normality using two standard statistical
methods, the Shapiro-Wilk and Shapiro-Francia tests. The null hypothesis of each test is that the
data are normally distributed. By design, hypothesis tests seek sufficient evidence to reject the
null hypothesis at a given level of confidence, otherwise the null hypothesis is accepted. We are
unaware of a statistical test for non-normality, i.e. one in which the null hypothesis is that the data
are not normally distributed. '

Comment 14

§4.4.4 1 am not convinced that auto-correlation of quarterly monitoring data is a problém that
should preclude its use. It appears that auto-correlation of semi-annual and quarterly data
is approximately the same. In other words, auto-correlation is not sufficient reason for
the facility to preclude quarterly sampling.

Reply 14

We agree that autocorrelation should not preclude the use of quarterly groundwater monitoring
data. RFETS routinely uses quarterly data collected at RCRA wells. Evidence of serial
correlation in the semiannual datasets was only slightly less frequent than it was in the quarterly
datasets. However, that being said, the historical record at Rocky Flats does not suggest that the
well concentrations are changing at a rate that would be perceptible sooner should the data be
collected more frequently. Even semi-annual sampling may be more frequent than would be
minimally acceptable to reliably detect significant trends.

Comment 15

Figure 4-13 — Well P115689 looks like a new problem, did we keep it in the monitoring network?

Reply 15

- VOCs such as PCE, TCE, and VC were first detected in groundwater at Well P115689 during

1993 and the well has undergone many years of water quality monitoring. Well P115689 and
nearby Well P115589 both contain VOC-contaminated groundwater of the A plume near B-551.
Well P115589 remains in the monitoring network, but P115689 is no longer included in the
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network. Because this is the central-1A, numerous downgradient wells monitor the progression of
this plume.

Comment 16
P4-44 unfinished sentence in paragraph below bullets.

Reply 16

~ The sentence has been completed.
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