= el =

DEVELOPMENT OF A STATISTICAL APPROACH TO
DETERMINING BACKGROUND GROUNDWATER
CONDITIONS AT CONTAMINATED SITES IN ALBERTA

LIZA FLEMMING AND COURT SANDALU,
TRIUM ENVIRONMENTAL SOLUTIONS.
APRIL 30, 2009



OVERVIEW

1. Defining the Problem — Background Groundwater
Conditions

2. Current Regulatory Framework

3. Developing a Method for Background
Groundwater Characterization

4. Real-world Application — Produced Water Spill




DEFINING THE PROBLEM:
BACKGROUND CONDITIONS




BACKGROUND CONDITIONS -
WHAT ARE THEY?

e Background Concentration: “Concentration of a
substance in an environmental medium in a
geographic area, does not include any contribution
from man-made sources” (BC Ministry of Water, Land,
and Air Protection, Protocol 9)

e “Natural background conditions exist when there is




BACKGROUND CONDITIONS -
“CONVENTIONAL WISDOM”

e Background concentrations should remain relatively
constant over time, given seasonal variability

e Expect similar data sets from year to year

e Background concentrations should be similar in all
wells across the site installed at the same




WHAT’S THE PROBLEM?

How should background concentrations be
determined, and compared to other wells on site?

What are the regulatory requirements?
How many data points are needed?

Is there a method that works for all sites?




CURRENT REGULATORY
FRAMEWORK




ALBERTA:

“DRAFT ENTAL SITE
ASSESSMENT GUIDELINES” JUNE 2008)

e Groundwater characterization is part of Phase |l
Environmental Site Assessment|process

e Groundwater assessment recomimendation: “an up-
gradient monitaring well to chariacterize background
groundwater quatity (preferably iat the property
boundary)” (section 5

e “The actual number, denth, and location of wells
required to support the conclusions will depend on
site conditions” (section 5.2, p. 73)



ALBERTA:

“DRAFT [ENVIRONMENTAL SITE
ASSESSMENT GUIDELINES” JUNE 2008)

e What’s Missing?

e How to account for seasonal va f.ations in water
quality, if any? 3

prﬁedtoi



SASKATCHEWAN:

“ENVIRONMENTAT SITE ASSESSMENT
PROCEDURES FOR UPSTREAM
PETROLEUM SITES” (MARCH 1999)

e “Adequate numbers of background samples should
be obtained in all cases” (Section 3.2, p. 6)

{4

0 ensure representative samples, prope
iIndwater monit



SASKATCHEWAN:
“ENVIRONMENTA TE ASSESSMENT
PROCEDURES FOR UPSTREAM
PETROLEUM SITES” (MARCH 1999)
e What’s Missing*
e What is the “proper placement“ of monitoring
wells?

e How to account for seasonal variations in water
" - o . N ? §

g events are re
tis an “adequate



3RITISH COLUMBIA:
“PROTOCOL 9 FOR CONTAMINATED SITES-
DETERMINING BACKGROUND
GROUNDWATER QUALITY”
e Part of the Contaminated Sites assessment process

e Backgroundongentration: “the goncentration...in
an environmgi "i medium that dpes not include any
contribution %o ‘?‘1 man-made poipt sources”
(Section 2.0, p.2) % -

“A site is not a contame 'ated Site ..

f th




JRITISH COLUMBIA:
“PROTOCOL 9 FOR CONFAMINATED SITES-
DETERMINING BACKGROUND
GROUNDWATER QUALITY”

e A minimur
e Cross-grat

ofithree wells should be installed

n % up-gradient

o Off-site na”ral dgeas, parks, or reside nt|a|
| 3 --4-—‘----#7_ er contamination — moce wells may b

e 2 times



JRITISH COLUMBIA:
“PROTOCOL 9 FOR CONFAMINATED SITES-
DETERMINING BACKIGROUND
GROUNDWATER QUALITY”

e Statistical determination of local background
concentration 5( Or a given substance)

e If backgri Mr ata fall into a smgle statistical population:
backgrou“: 'co Chntration is 95t g centile concentration
of data set ' 5—'!-1 3

no distinct
Mgtcy or install additiona™



JRITISH COLUMBIA:
“PROTOCOL 9 FOR CONFAMINATED SITES-

DETERMINING BACKIGROUND
GROUNDWATER QUALITY”
* What’s Missing

* Proceduregsforie yddressing seaso nal variations in
water quall-;_", i 3 y?

e Can this prd g be applied to of and gas sites?

ing-@uents from three wel
e%hat ackground con




PROCEDURES IN ALBERTA (AND
SASKATCHEWAN)?

e Adopt the BC Regulations? — 95t percentile
concentrations?

e Rely solely on judgement and conservative
estimates?

e Develop an approach that uses site evaluation and




METHOD FOR BACKGROUND
CHARACTERIZATION




WHAT SHOULD BE INCLUDED?

e Assembling evidence drives the site evaluation
process

e Hypothesis to conclusion

e Preference for stronger evidence in regulatory
environment

e Multiple lines/sources are stronger than a single
source — make the “Best Case Possible” — confidence




WHAT SHOULD BE INCLUDED?

e Methods should be defensible and reproducible

e Process developed should meet the regulatory
requirements, if any




FIRST PROPOSED STEP:
EVALUATE SITE CONDITIONS

Numerical Analysis — Table Trends
Graphs
Physical Properties of the Site

Apply Professional Experience and Expertise




SECOND PROPOSED STEP:

APPLY QUANTITATIVE STATISTICS -
POSSIBLE OPTIONS

e Box-Whisker Plots

e 2-Dimensional comparison of numerical
distribution among data sets
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APPLY QUANTITATIVE
STATISTICS — POSSIBLE OPTIONS

e 3-Dimensional Plots
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APPLY QUANTITATIVE
STATISTICS — POSSIBLE OPTIONS

e Analysis of Variance

e T-test for 2 sample locations
e ANOVA - Single Factor
e Effect of a factor on the variance of means




GROUNDWATER EVALUATION
ROADMAP

Site Investigation




APPLY QUANTITATIVE
STATISTICS — BENEFITS TO SITE
EVALUATION

e Support initial Site Evaluation

e (Cases where no clear relationship between impacts and
background can be inferred

e |ncrease confidence in professional expertise




REAL-WORLD
GROUNDWATER




GROUNDWATER EVALUATION:
BATTERY FACILITY

OBJECTIVE:

e Compare concentrations in wells outside of soil
impact area to concentrations within impact area —
can “background” concentrations be seen in wells
across the site?




FIRST LEVEL OF EVIDENCE:
“QUALITATIVE” EVALUATION

e Physical Properties of the Site
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FIRST LEVEL OF EVIDENCE:
“QUALITATIVE” EVALUATION

e Physical Properties of the Site

e Graphs — Look for trends and patterns




Salinity Trends - Monitoring Well 06 MWO01 (Background)
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Chloride/Sodium Concentration (mg/L)

Salinity Trends - Monitoring Well GWMW3
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Salinity Trends - Monitoring Well 06 MW15
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Chloride/Sodium Concentration (mg/L)

Salinity Trends - Monitoring Well GWMW?2
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Salinity Trends - Monitoring Well 06 MWO01
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FIRST LEVEL OF EVIDENCE:
“QUALITATIVE” EVALUATION

e Physical Properties of the Site

e Graphs — Look for trends and patterns




Chloride Concentrations in Groundwater — Battery Facility Site
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SECOND LEVEL OF EVIDENCE:
STATISTICAL EVALUATION

e Box — Whisker Plots
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Chloride Concentrations in Groundwater — Battery Facility Site
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WHAT ABOUT METALS?




Dissolved Metals Concentrations in Groundwater —

Battery Facility Site (selected analytes)
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SECOND LEVEL OF EVIDENCE:
STATISTICAL EVALUATION - VARIANCE

o [-Test

e Compare difference between means among 2 well data
sets

signal __difference between group means
variability of groups




SECOND LEVEL OF EVIDENCE:
STATISTICAL EVALUATION - VARIANCE

e Analysis of Variance (ANOVA)

e Single-Factor Evaluation

e Compare variance among several well data sets —
“Multiple T-Tests” and factor influence

e Test a hypothesis (H,) about differences between means —
there is a factor (i.e. sample location ) that explains the




SECOND LEVEL OF EVIDENCE:
STATISTICAL EVALUATION - VARIANCE

e Battery Facility T-Test:

e Perform T-test with each analyte using two wells believed
to represent background conditions

e Evaluate the hypothesis (H,) that the variance of the
means is significant — means are not similar

e |f the variance of the means is not significant, H, is true -




SECOND LEVEL OF EVIDENCE:
STATISTICAL EVALUATION - VARIANCE

e Battery Facility ANOVA:

e Perform an ANOVA on each analyte using the
accumulated data sets from selected wells outside impact
area

e Evaluate the hypothesis (H,) that the variance in the
means is significant and that the location of the well




BATTERY FACILITY ANALYSIS:
CHLORIDE T-TEST AND ANOVA

e Paired, 2-tailed T-Test (0=0.05):
e Two upgradient wells (06 MWO01 and 06 MW11)

e P=3.16E-5, the means are different — the
samples are from different populations

e 06MW11 and well outside the plume (07MW17)




BATTERY FACILITY ANALYSIS:
CHLORIDE T-TEST AND ANOVA

SUMMARY
Groups Count Sum Average Variance
06MWO01 6 62.8 10.46667 2.810667
06MW11 5 20.55 411 2.9606
06MW12 6 96.8 16.13333 37.79467
06MW16 5 34.81 6.962 3.08417
07MW17 5 23.67 4.734 3.66498
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 548.8275 4 137.2069 12.48028 1.89E-05 2.81670834
ithin Groups 241.8657 22 10.99389




BATTERY FACILITY ANALYSIS:
POTASSIUM T-TEST AND ANOVA

e Paired, 2-tailed T-Test (0=0.05):
e Two upgradient wells (06 MWO01 and 06 MW11)

e P=0.641, the means are similar — the samples
are from the same population

e 06MW11 and well outside the plume (07MW17)




BATTERY FACILITY ANALYSIS:
POTASSIUM T-TEST AND ANOVA

SUMMARY
Groups Count Sum Average Variance

06MWO01 6 16.1 2.683333 1.201667
06MW11 5 12.1 2.42 0.077
06MW12 6 21.4 3.566667 0.058667
07MW17 5 22.6 4.52 9.277
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 14.01506 3 4.671687 1.923487 0.161967 3.159908
\Within Groups 43.71767 18 2.428759




BATTERY FACILITY ANALYSIS:
MANGANESE T-TEST AND ANOVA

e Paired, 2-tailed T-Test (0=0.05):
e Two wells outside plume (06 MWO01, 06 MW 10)

e P=0.159, the means are similar — the samples
are from the same population

e 06MWO01, 06 MW10 may represent background




BATTERY FACILITY ANALYSIS:
MANGANESE T-TEST AND ANOVA

SUMMARY
Groups Count Sum Average Variance

06MW1 6 0.0475 0.007917 9.58E-05
06MW4 7 7.968 1.138286 0.176902
06MW7 6 11.84 1.973333 0.940547
06MW10 6 0.185 0.030833 0.00167
06MW15 6 0.531 0.0885 0.000586
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 18.83602 4 4.709005 21.1974 7.17E-08 2.742594]
\Within Groups 5.775904 26 0.22215

Box-whisker plot
Indicated MW4,
MW7, MW15
should be
excluded...




BATTERY FACILITY ANALYSIS:
ZINC T-TEST AND ANOVA

e Paired, 2-tailed T-Test (0=0.05):
e Two wells outside plume (06 MWO01, 06 MW 10)

e P=0.0.489, the means are similar — the
samples are from the same population

e 06MWO01, 06 MW10 may represent background




BATTERY FACILITY ANALYSIS:
ZINC T-TEST AND ANOVA

SUMMARY
Groups Count Sum Average Variance

06MW1 6 0.397 0.066167 0.011583
06MW4 7 0.564 0.080571 0.016775
06MW7 6 0.249 0.0415 0.00103
06MW10 6 0.446 0.074333 0.013971
06MW15 6 0.35 0.058333 0.013109
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.005806 4 0.001451 0.126163 0.97166 2.742594
\Within Groups 0.299113 26 0.011504




BATTERY FACILITY ANALYSIS:
FINDINGS

e Statistical tests are enlightening

e Analysis of table trends and graphs didn’t yield enough
confidence in background characterization

e Box-whisker plots revealed several “outliers” within
impacted areas for multiple analytes

e Showed that further analysis on calcium concentrations




BATTERY FACILITY ANALYSIS:
FINDINGS

e ANOVA

e Background concentrations not accurately
characterized across the site for chloride,
manganese

e Background concentrations may be accurately




GROUNDWATER
EVALUATION: PRODUCED




GROUNDWATER EVALUATION:
PRODUCED WATER SPILL

e OBIJECTIVE:

e Compare concentrations in wells outside of soil
impact area to concentrations within impact area —
can “background” concentrations or produced water
impacts be seen in wells across the site?




FIRST LEVEL OF EVIDENCE:
“QUALITATIVE” EVALUATION

e Physical Properties of the Site

e Table trends — compare known “Background
wel

I”

to other wells on site
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FIRST LEVEL OF EVIDENCE:
“QUALITATIVE” EVALUATION

e Physical Properties of the Site




Analyte Concentrations in Groundwater — Produced Water Site

07MW1 _ 07MW4  O7TMW5  07MW6
......... 3110 |...2070 .| ..2820 | . 2640
........ 2860 | 1180 | 2730 | 2460
........ 2890 | 1290 | 2600 | . 2460
........ 2850 | .1490 | 2410 | 2540

2890 1490 2550 2680

SULFATE

07MW1__ 07MW4 07MW5 07MW6 CHLORIDE
......... 796|452 | 304 | .21 .
......... 794 |..408 | 253 | 147
......... 803 |..636 | 265 | 172
......... /81 |..645 | 203 | .23 .
81.8 60.8 28.8 25.6
07MW1  07MW4 07MWS5 07MW6 SODIUM
.......... 170 |..243 | 206 | 158
.......... 174|145 | 207 | 156
177 187 198 153




Dissolved Metals Concentrations in Groundwater — Produced Water Site

25-Oct-07
24-Mar-08
27-May-08
27-Aug-08

29-Sep-08

07MW1__07MW4 _ 07MW5 07MW6
s ]0.007 ns....|.. 0.009 .
...... 0.012 | 0.008 | 0011 | 0.006
...... 0.009 | 0007 | 0016 | 0.015
...... 0.015 | .0.006 | 0.054 | 0.012
0.016 | 0.012 | 0.014 0.28

ZINC

07MW1 07MW4 07MW5 07MW6 IRON
25:0ct07) ns | 0002 | ns | 0001
24Mar-08| 0007 | o008 | 0031 | 0006
27-May-08| 5008 | 0004 | 0005 | 0008
2T-Aug08| 5008 | 0004 | 0008 | 0005
29-Sep-08| ) 08 | 0.001 0.02 0.002

07MW1 07MW4 07MW5 07MW6 BARIUM
250ct07| ns | 0058 | ns | o041
24-Mar08| 0053 | 0031 | 0046 | 0032
27-May-08| ) \cc 0.031 0.05 0.032




SPILL SITE ANALYSIS:
CHLORIDE T-TEST AND ANOVA

e Paired, 2-tailed T-Test (0=0.05):
e Background and spill wells (07MWO01, 07MWS5)

e P=6.37E-7, the means are different — the
samples are from different populations

e Background and spill wells (07MWO01, 07MW6)




SPILL SITE ANALYSIS:
CHLORIDE T-TEST AND ANOVA

SUMMARY
Groups Count Sum Average Variance

07MW1 5 851 170.2 33.2
07MW4 5 972 194.4 1250.8
07MW5 5 994 198.8 62.7
07MW6 5 791 158.2 19.7
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 5657.2 3 1885.733 5.520297 0.008509 3.238872
Within Groups 5465.6 16 341.6




SPILL SITE ANALYSIS:
SULPHATE T-TEST AND ANOVA

e Paired, 2-tailed T-Test (0=0.05):
e Background and spill wells (07MWO01, 07MWS5)

e P=0.004, the means are different — the
samples are from different populations

e Background and spill wells (07MWO01, 07MW6)




SPILL SITE ANALYSIS:
POTASSIUM T-TEST AND ANOVA

e Paired, 2-tailed T-Test (0=0.05):
e Background and spill wells (07MWO01, 07MWS5)

e P=0.848, the means are similar — the samples
are from the same populations

e Background and spill wells (07MWO01, 07MW6)




SPILL SITE ANALYSIS: SUMMARY OF
SULFATE AND POTASSIUM ANOVA

Sulfate: F =99.50, F.pr = 3.24
F value indicates that H, is true — location is a factor

e variation in means is significant — these wells may not
collectively represent background for sulfate

Potassium: F = 46.30, Fqpr = 3.24
F value indicates that H, is true — location is a factor




SPILL SITE ANALYSIS:
METALS T-TEST AND ANOVA

e Paired, 2-tailed T-Test (0=0.05):

e Jron: Background and spill wells 07MWO01,
07MWS5 and 07MW1, 07MW6

e P=0.12 and 0.06, background iron concentrations
may be in both locations




SPILL SITE ANALYSIS:
SUMMARY OF METALS ANOVA
® Jron: F=3.87, Fgr = 3.34
e Fvalueindicates that H, is true — location is a factor

e variation in means is significant — these wells may not
collectively represent background for iron

e Zinc: F=0.75, Fr=3.24
e Fvalue indicates that H, is false— location is not




SPILL SITE ANALYSIS: FINDINGS

e Statistical tests are enlightening

e Analysis of table trends added more uncertainty in
characterizing background concentrations

e T-tests showed that analyte concentrations in
background well were not comparable to those
within spill area for chloride, sulfate




BATTERY FACILITY ANALYSIS:
FINDINGS
e ANOVA

e Background concentrations not represented
inside and outside the spill for chloride, sulfate,
and potassium

e Background concentrations may be accurately
characterized across the site for zinc




CONCLUSIONS




THE STATISTICAL METHOD:
ADVANTAGES

e Useful when combined with the initial site evaluation
e Multiple lines of evidence for observations

e Reveals relationships that manual analysis (tables and
graphs) cannot determine

e Increased confidence when data are not clear-cut




THE STATISTICAL METHOD:
DRAWBACKS

Time-consuming — potentially expensive

Requires a large, robust data set with detectable
concentrations

Requires normal, homogeneous sample populations
Multiple tests may be required to account for




GROUNDWATER EVALUATION:
RECOMMENDATIONS

e Combine site observations with statistical analytical
tools

e Use a multi-step approach — Box-Whisker plots then
analysis of variance — to characterize groundwater
concentrations




GROUNDWATER EVALUATION:

STATISTICAL METHODS - WHAT ELSE IS
NEEDED?

e Procedures for incorporating seasonal variations in
groundwater ?

e Different procedures for evaluating small and large
sites, and various families of analytes?




QUESTIONS?

h
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