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Abstract

During 2009-2016, groundwater sampling was conducted annually at 16-25 water supply wells
in the Sumas-Blaine aquifer in Whatcom County. Samples were collected during the spring of
each year and were analyzed for nitrate, chloride, and bromide.

This study is part of a long-term groundwater monitoring program that began in 1997 in response
to elevated nitrate concentrations in the area. The objective of monitoring has been to measure
broad-scale changes in groundwater nitrate over time.

Statistically significant decreasing trends for nitrate were detected in 9 of 25 wells sampled in
2003-2016. Fifteen wells showed no significant nitrate trend, while one well had an upward
trend. The percent of samples that exceeded 10 mg/L nitrate-nitrogen (nitrate-N) decreased from
48%-63% in 2003-2005 to 15%-32% in 2013-2016. Trends were similar when 1997 data were
included in the analysis. Despite decreasing or stable nitrate-N concentrations in the majority of
wells, 24% of 25 wells continued to exceed (not meet) the drinking water standard in 2016.

Annual average and median nitrate-N concentrations likewise trended downward in 11 wells that
were consistently sampled during 2003-2016. Chloride concentrations trended downward in 6
wells and increased in one well during 2009-2016.

Several aspects of the study limit broad-scale inferences about nitrate trends in the Sumas-Blaine
area as a whole. These include the small number of wells relative to the size of the aquifer,
representativeness of samples from private water supply wells, unreliable ongoing access to
wells, and potential long-term climate influences on groundwater nitrate concentrations.
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Introduction

The Sumas-Blaine aquifer (SBA) is part of the transboundary Abbotsford-Sumas aquifer that
extends from northern Whatcom County, Washington, into southern British Columbia, Canada
(Figure 1). The SBA is the main drinking water source for rural residents of the area.
Groundwater nitrate concentrations above (not meeting) the U.S. drinking water standard of 10
mg/LiN have been documented across the SBA during various sampling efforts over the past 40
years".

Nitrate in groundwater is a human health concern because of the risk of methemoglobinemia, or
blue-baby syndrome. Water with elevated nitrate concentrations can result in nitrate molecules
replacing oxygen in the hemoglobin, depriving an infant of oxygen. Other conditions also linked
with the intake of high nitrate water include specific cancers and birth defects (Jones et al., 2016;
Inoue-Choi et al., 2015; Brender et al., 2013; and Ward et al., 2010).

In addition to potential human health impacts, elevated nitrate in groundwater presents
significant environmental concerns. Groundwater contributes a substantial portion of the total
flow to surface waters in the Nooksack River basin. During the summer months, groundwater
baseflow is estimated to contribute 72-86% of the flow in the Nooksack River at Ferndale
(Sinclair and Pitz, 1999). At least a portion of the nitrate in area groundwater is transported to
streams, rivers, and eventually marine water.

Trend analysis of ambient surface water data for the Nooksack River for the 1995-2013 period
indicates the river has (1) the highest total nitrogen and nitrite+nitrate-nitrogen (nitrate-N)
loading to Puget Sound of any monitored river and (2) the highest annual nitrogen contribution
per unit area of watershed for rivers in the basin (Von Prause, 2014). The potential impacts of
elevated nitrate in surface water and marine water include increased algal production and
depressed dissolved oxygen concentrations. These conditions can harm fish and other aquatic
organisms (Durand et al., 2011).

Recent Ecology investigations

In 1997, the Washington State Department of Ecology (Ecology) conducted an aquifer-wide
survey of nitrate in 248 wells and 2 springs across the SBA (Erickson, 1998). Twenty-one
percent of wells had nitrate-N concentrations above 10 mg/L. Nitrate concentrations appeared to
be highest in the central and northeast parts of the SBA. Therefore, a subset of 35 wells in that
area was chosen for ongoing monitoring (Erickson, 1998; Redding, 2008).

! Nitrate results from 19% of the 100 SBA wells sampled from 1970-1973 exceeded 10 mg/L-N (Obert, 1973).
Erickson and Norton (1990) sampled 27 wells in the Bertrand Creek area and found that 7 wells exceeded 10 mg/L-
N. Samples collected from 248 wells in the spring 1997 indicated 21% exceeded 10 mg/L-N (Erickson, 1998). Cox
and Kahle (1999) likewise found 21% of nitrate samples from 230 wells sampled during 1990-1992 in the eastern
SBA had levels exceeding 10 mg/L-N. Mitchell et al (2005) found that 64% of nitrate samples from 26 wells in the
Judson Lake area in 2002-2004 were above 10 mg/L-N. Redding (2008) evaluated seasonal variation from 2003-
2005 in 35 wells across the SBA sampled by Erickson (1998) and found that 26% of these wells consistently had
nitrate-N concentrations above 10 mg/L.
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The ongoing monitoring initially consisted of quarterly sampling at 35 mostly private water
supply wells for 3 years (2003-2005). Most of the wells sampled during this period were also
sampled during the 1997 aquifer-wide sampling (Erickson, 1998). The 2003-2005 study
included analysis of nitrate seasonal variations and short-term trends over time.

The combined results of previous monitoring by the U.S. Geological Survey (USGS) and
Ecology between 1981 and 2010 indicate that approximately 29% of sampled wells have
exceeded (not met) the 10 mg/L-N drinking water standard for nitrate-N, during at least one
sampling event (Carey and Cummings, 2012). Several public drinking water systems that rely
on groundwater in the Lynden area have also reported exceedances of the nitrate standard,
affecting over 1,000 residents (Hulsman, 2016).

@ Vancouver

u.s.

@ Bellingham

Figure 1. The Abbotsford-Sumas aquifer boundary.

The study area is south of the Canada-U.S. border.
The aquifer boundary is from Tooley and Erickson (1996) and Graham (2008).
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Purpose and objectives

The purpose of this study was to continue annual monitoring at the network of water supply
wells that were sampled in 2003-2005. The main objective of ongoing sampling, which began in
2009, is to provide up-to-date information to evaluate long-term trends in groundwater nitrate
and chloride concentrations. Additionally, bromide samples have been collected since 2009 as
part of a larger effort to test the use of chloride/bromide (CI/Br) mass ratios as an indicator of
nitrate sources (Redding, 2008, 2009).

Samples for this study were collected each year in March to limit seasonal variations observed
during quarterly sampling in 2003-20052. Twenty-two of the 35 wells originally sampled in
2003 were still available for sampling in 2016.

The objectives of the current study are to:

e Collect nitrate, chloride, and bromide samples as well as standard water quality field
measurements, in March of each year, 2009-2016, in wells sampled during 2003-2005
(Redding, 2008).

e Analyze nitrate and chloride results for significant trends using the Mann-Kendall statistical
test.

e Compare nitrate results with Washington State’s groundwater quality standards (Chapter
173-200 WAC).

e Prepare a report (this report) to document and interpret the results of groundwater quality
sampling for 2009-2016 and associated nitrate and chloride trends for 1997-2016.

2 Samples collected in 2014 were not included in the statistical analyses because they were not collected in March.
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Background

The main sources of information on the geology and hydrogeology of the study area are an
extensive range of maps, summaries, and interpretations compiled by Cox and Kahle (1999).
Unless otherwise referenced, the following hydrogeologic framework is based on their work.

Geology

The Abbotsford-Sumas aquifer is located in the Fraser-Whatcom Lowlands. This area was
influenced and shaped by repeated glacial advances and retreats during the Pleistocene epoch.
The Fraser Glaciation smoothed the bedrock surface before depositing unconsolidated material
over the Puget Sound Lowland. The SBA study area experienced 3 main glacial stages with the
most recent advance roughly 11,000 to 10,000 years ago. Meltwater streams from the last
glaciation carried material toward the mouth of the Nooksack River. Outwash from the melting
glacier deposited gravel and cobbles near the international border grading to sand and clay lenses
near Lynden.

Over the last 10,000 years, the Nooksack River has eroded and cut through the upper glacial
deposits forming the Nooksack Valley Floodplain. In some areas, depressions in the glacial
deposits are filled with deposits of peat up to 30 feet thick (Easterbrook, 1971). These bog areas
usually have saturated soils, are high in organic carbon, and have reducing conditions. Together,
these conditions can provide a favorable environment for biological and chemical conversion of
nitrate to nitrogen gas (Redding, 2008).

Hydrogeology

The study area contains 4 main hydrogeologic units: the Sumas surficial aquifer, the Everson-
Vashon semi-confining unit, the Vashon semi-confining unit, and the bedrock semi-confining
unit. Figure 2 shows the main surficial hydrogeologic units and a vertical cross-section across
the northern portion of the study area. The two glacial semi-confining units are combined into a
single hydrogeologic unit in the cross-section shown in Figure 2.

The SBA is the uppermost aquifer in the area and is the sole drinking water source for the area’s
rural residents. The aquifer is unconfined and covers an area of about 150 square miles.
Groundwater within the aquifer naturally discharges to local streams and the Nooksack River
(Tooley and Erickson, 1996) (Figure 2).

The highly productive SBA consists mainly of stratified sand, silt, and gravel outwash deposits
with minor clay lenses, especially in the Lynden area. The aquifer also contains alluvial deposits
from the Nooksack and Sumas river systems, including lenses of till and fine-grained lacustrine
and peat deposits. The area is fairly flat with gradients of about 15 feet per mile, or 0.0028,
toward the Nooksack River. The hydraulic conductivity of the SBA varies greatly due to
extreme heterogeneity. Cox and Kahle (1999) found a median hydraulic conductivity of

270 feet/day and a range of 7 to 7,800 feet/day.
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The SBA is vulnerable to contamination due to its shallow depth to water, heavy seasonal
rainfall, and intensive overlying agricultural production. The depth to groundwater is less than
10 feet across most of the aquifer (Tooley and Ericson, 1996). The SBA is relatively thin with
most areas less than 50 feet thick except for thicker portions in the Sumas area. It is underlain by
low permeability deposits of the Everson-Vashon semi-confining layer (Tooley and Erickson,

1996).

A A
West East
Faat

500

a00

300

200

100 Sumas-Blzine Surficial Aquifer

Ewerson-VashonSemiconfining Unit

Badrock

[] {Qal) - Allwisl deposits (Holooens)

B (Qb)- Bog, marsh, and peat deposits {Holocene) :

{CQrvrf) - Vashon recessional outwash, predominately fine grained [Ples iooene) “.Q F

[ i@vrg) - Vashon recessional cutwssh, predominately coarse grained (Plei tocene) k> 2 2 ' PrEpy
[ {@vt'Qutse) - Washon or Sumas Stade till deposits, predominately fine grained | Pleistocene) L Lt
[ (Bx) - Bedrock { Tertiary and older, undifferentiated)

Figure 2. Surficial hydrogeologic units in the Sumas-Blaine aquifer area and cross-section A-A’
(Jones, 1999; Cox and Kahle, 1999). Arrows indicate the general direction of groundwater flow
(Tooley and Ericson, 1996).
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Recharge to the SBA is mainly from precipitation. Annual rainfall over the SBA ranges from
about 32 inches in the southwest to 50 inches on the eastern edge. About 67% of annual
precipitation falls from October through March, when crop uptake is lowest (Cox and Kahle,
1999). Low rainfall intensity and the flat topography of the area allow much of the rainfall that
occurs in the non-growing season to percolate through the soil and into groundwater or into the
drainage systems found in many low-lying agricultural fields.

Land use

Dairy farms and berry production are the main agricultural activities overlying the aquifer.
Residential homes outside of the small cities of Lynden, Everson, and Nooksack rely on on-site
sewage systems for wastewater disposal. Manure from dairies is used on forage crops for
fertilizer and as needed for raspberry production. Inorganic fertilizer is used on berry and other
crops. An estimated 16-18 million pounds of nitrogen are applied to land over the SBA from all
land uses annually (Almasri and Kaluarachchi, 2004; Carey and Cummings, 2012).

In recent years, many fields formerly in dairy production (grass and corn) have been converted to
berry production. Raspberries have been the primary berry crop, but blueberries make up a
significant share of recently planted acreage. In 2015, grass and corn were grown on 45,219
acres and berries on 15,029 acres in Whatcom County (Washington State Department of
Agriculture, 2017, http://agr.wa.gov/pestfert/natresources/aglanduse.aspx).

Land use adjacent to sampled wells included agricultural and rural residential. We were not able
to measure the depth to groundwater in many of the sampled wells due to well construction or
access considerations. Determining groundwater flow rate and direction in the immediate
vicinity of the sampled wells would require additional data from appropriately designed
monitoring wells. Consequently, the water quality results obtained during the study cannot be
conclusively associated with particular land uses.
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Methods

The sampling and analysis methods for this project are described in the Quality Assurance
Project Plan (QAPP) (Redding, 2009), and addendum (Redding, 2012), as well as Ecology’s
Standard Operating Procedure EAP096 (Carey, 2016). The spatial distribution of sampled wells
is shown in Figure 3. Construction information for the wells is provided in Appendix A and at
http://www.ecy.wa.gov/eim/index.htm.

The original QAPP specified annual sampling each year in the month of March at 24 private
domestic wells and one small public water supply well that were sampled in 2003-2005.
However, several wells could not be accessed every year, and three wells were later added to this
group to replace wells that were no longer accessible.

Wells were sampled for nitrite+nitrate-N, chloride, bromide, and field parameters (temperature,
pH, conductivity, and dissolved oxygen). “Nitrite+nitrate-N” is referred to as “nitrate-N” in this
report, because nitrite-N is typically negligible in surface water and groundwater (Sawyer and
McCarty, 1978). Ammonium-N was also analyzed in 2015 and 2016.

U.S-Canada border

Figure 3. Locations of sampled wells with map ID.
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EPA’s ProUCL software package® was used to evaluate nitrate-N and chloride results for
statistical trends using the Mann-Kendall non-parametric analysis method (USEPA, 2009).
Nitrate trends were analyzed for the period 2003-2016 for all wells with 6 or more results. Long-
term nitrate trends for 1997-2016 were also evaluated for those wells sampled in March 1997.
Analysis of chloride trends was limited to the 2009-2016 period because chloride was not
sampled for in 2003-2005. All trends and statistical analyses were conducted at the 95%

confidence level (p <0.05).

3 https://www.epa.gov/sites/production/files/2015-
03/documents/proucl one page fact sheet.final .pdf.
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Results

Results of water quality sampling conducted at 28 wells in 2009-2016 are described below and in
Appendix B. The corresponding data quality assessment is described in Appendix C.

Nitrate

Nitrate-N concentrations in the 28 wells sampled during 2009-2016 ranged from 0.96 to 28.4
mg/L. The annual percentage of wells that exceeded 10 mg/L-N ranged from 15% to 44%
(Table 1).

Table 1. Nitrate-N results and summary statistics for the current study (2009-2016) as well as
two previous Ecology studies.

Map ID locations are shown in Figure 3. Shaded values are greater than 10 mg/L-N.

Erickson
(1998) Redding (2008) Current study
Location |Well Tag
Map ID Name |ID 1997 2003 2004 2005 2009 2010 2011 2012 2013 2014 2015 2016
1 39212C1 |AGF141 8.08 9.00 10.6 8.93 9.19 12.1 8.76 8.71 8.85 9.95 11.3 9.20
2 39317H1 [BCS951 6.32 8.26 10.7 12.5 7.25 7.48 7.84 6.62 7.44 7.34 8.81 6.99
3 39307K2 [BCS952 18.6 19.6 19.4 19.4 12.9 13.0 11.2 14.2
4 39307H1 |[BCS953 53.0 33.9 32.4 33.9 27.3 23.5 24.5 22.6 22.9 16.6 23.3 24.0
5 39212K2 |BCS954 5.86 3.58 4.95 4.06 2.07 2.27 1.77 1.37 2.17 2.47 2.13
6 39215J1 [BCS955 15.8 2.36 1.96 2.52 2.18 2.80 2.58 4.35 3.04 2.79
7 39221H1 [BCS956 5.37 10.8 6.96 6.43 3.38 4.08 2.80 3.41 2.37 3.87 2.86
8 40211P1 |[BCS957 4.72 2.67 2.40 0.96 3.97 7.81 6.31
9 40223A3 |BCS958 6.65 12.7 8.23 10.7 2.43 1.36 2.77 4.83 4.55 1.53
10 40226B1 |BCS959 7.05 10.2 15.0 9.68 5.41 4.70 4.03 5.77 5.93 7.01 5.75 6.65
11 40226D2 |BCS960 3.23 8.37 43.1 18.7 14.6 14.2 11.0 11.9 13.2
12 40221)5 |BCS961 10.4 10.8 6.22 5.13 4.85 7.88 8.37 5.72 1.82 4.98 4.31 2.25
13 40214P1 |BCS962 28.6 17.6 18.3 16.3 16.1 14.9 17.3 25.3 16.3 25.1 12.7 9.76
14 40222D1 |BCS963 3.11 1.6 5.67 2.65 5.52 7.36 6.62 6.19 2.36 2.66 1.68 4.35
15 40305N3 |BCS964 1.61 5.52 6.31 20.2 24.1 12.8 5.64 4.45 2.30 5.31 9.05
16 40308P1 |BCS965 13.2 14.2 12.1 12.6 10.2 6.77 11.8 21.7
17 40331P3 |BCS966 5.61 5.66 9.88 22.4 5.18 8.23 4.21 8.10 7.15 4.28 6.93 7.99
18 40331L1 [BCS967 3.36 7.06 6.35 7.79 8.49 5.35 5.85 5.80 5.21 4.18 4.50 5.51
19 40310F1 |BCS968 12.4 13.0 12.7 13.1 13.4 16.5 13.9 13.5 11.1 10.1 28.4
20 40227C1 |BCS969 8.78 23.7 19.4 5.63 6.22 6.02 11.5 8.28 4.42 10.9 14.4
21 41333M1 |BCS970 5.97 33.9 15.9 15.4 12.5 14.7 17.7 12.5 9.08 8.06 9.47 6.91
22 41334E1 |BCS971 14.3 8.82 12.4 13.4 9.41 8.55 10.8 7.52
23 40303B1 |BCS972 11.6 8.60 6.30 20.2 8.82 9.12 13.7 7.96 8.44 8.77 9.16 9.92
24 40315L1 |BCS973 24.4 13.9 12.6 15.0 11.9 14.2 9.83 11.9 10.5 10.7 9.85 11.4
25 N41431Q1|ABO112 10.8 13.8 10.4 12.6 8.66 8.52 8.06 4.55
26 40303Q1 |AGT433 15.1 6.32
27 40307H1 13.1 14.3 8.10
28 N39308F2 21.8 13.8 7.53
Annual statistics 1997 2003 2004 2005 2009 2010 2011 2012 2013 2014 2015 2016
Average 12.1 11.38 13.2 13.1 9.66 9.51 9.27 9.19 7.63 8.70 9.06 8.57
Median 8.78 9.00 10.7 13.2 8.82 8.55 8.57 7.96 7.30 7.70 8.99 7.26
Maximum 53.0 33.9 43.1 33.9 27.3 23.5 24.5 25.3 22.9 25.1 23.3 28.4
Minimum 1.61 1.60 1.96 2.40 0.96 1.36 1.77 1.37 1.82 2.17 1.68 1.53
Standard deviation 10.6 8.47 9.71 7.63 6.60 5.29 5.61 5.73 4.92 5.82 5.59 6.44
Number of wells 27 23 22 24 25 25 24 23 20 16 22 24
% exceeding 10 mg/L 48 48 55 63 40 44 42 35 15 31 32 21
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Nitrate results for each well were divided into the 3 sub-areas shown in Figure 4.

Figures 5-7 display nitrate-N concentration in wells from 1997-2016:

e Figure 5 — Northeast
e Figure 6 — Northwest
e Figure 7 — South

Figures 8-10 show the distribution of nitrate concentrations in sampled wells by year.

Northeast
_SCanada border

Northwest

Figure 4. Groupings of wells sampled.

Nitrate results for grouped wells are shown in Figures 5-7.

Page 18



BCS972
35 2e3970 i 20 BCs971 20 -e-Nitrate-N
+N|trase-N -e-Nitrate-N -k Chlorid:
30 -4 Chloride -+ Chloride e
-m-Dissolved Oxygen -m-Dissolved Oxygen - -m-Dissolved Oxygen
25 15
= 20 =
g 2 10
E £
15
10 *
/ 5
5 | A
0 0 0
BCS964 May-96 Aug-99 Dec-02 Mzr-06 Jul-09 Oct-12 Jan-16 May-96 Aug-99 Dec-02 Mar-06 Jul-09 Oct-12 Jan-16 May-96 Aug-99 Dec-02 Mar-06 Jul-09 Oct-12 Jan-16
2 / :
5 [ NitrateN / 7 , ABO112
-& Chloride ,, 0 e Niaten
20 | = Dissolved Oxygen -& Chloride
-m-Dissolved Oxygen
U.S.-Canada border 15
< 15
® =
£ 210 .
10 -\
5 N
5 \
* i
0 0
May-96 Aug-99 Dec-02 Mar-06 Jul-09 Oct-12 Jan-16 May-96 Aug-99 Dec-02 Mar-06 Jul-09 Oct-12 Jan-16
40307H1 2 AGT433
25 ® Nitrate-N ® Nitrate-N
4 Chloride 4 Chloride
20 = Dissolved Oxygen 15 o -m-Dissolved Oxygen
.
15 3
= L] o0
ED . 2 10
]
10 ‘ .
. 5
s
5 A A
0
0 = - " May-96 Aug-99 Dec-02 Mar-06 Jul-09 Oct-12 Jan-16
/ \
May-96 Aug-99 Dec-02 Mar-06 Jul-09 Oct-12 Jan-16 / () ’,'/ \
e \
60 BCS965 20 BCS973 %0 ' BCS968
-e-Nitrate-N -e-Nitrate-N -e-Nitrate-N
go | Chloride I -& Chloride -&-Chloride
-=-Dissolved Oxygen / 25 -m-Dissolved Oxygen 25 | _a-Dissolved Oxygen
£
40 ! 20 20
= = =
= < <
o0 =
o 30 215 215 -
20 10 * 10
. ‘,A\ a A
10 5 5 A A
0 u 0 0
May-96 Aug-99 Dec-02 Mar-06 Jul-09 Oct-12 Jan-16 May-96 Aug-99 Dec-02 Mar-06 Jul-09 Oct-12 Jan-16 May-96 Aug-99 Dec-02 Mar-06 Jul-09 Oct-12 Jan-16

Figure 5. Nitrate-N, chloride, and dissolved oxygen results from wells in the northeast portion of the study area, 1997-2016.
The orange line indicates the groundwater and drinking water standard for nitrate-N (10 mg/L).
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Figure 6. Nitrate-N, chloride, and dissolved oxygen results from wells in the northwest portion of the study area, 1997-2016.
The orange line indicates the groundwater and drinking water standard for nitrate-N (10 mg/L).
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Figure 7. Nitrate-N, chloride, and dissolved oxygen results from wells in the area south of the Nooksack River, 1997-2016.
The orange line indicates the groundwater and drinking water standard for nitrate-N (10 mg/L).
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Figure 8. Nitrate-N concentrations (mg/L) for wells sampled in 2003, 2004, 2005, and 2009.
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Ammonium

Ammonium-nitrogen (ammonium-N) was detected in 4 wells at concentrations ranging from less
than 0.010 to 0.155 mg/L (Table 2). Ammonium-N is typically oxidized to nitrate before
reaching groundwater unless there is insufficient oxygen for bacterial conversion. The U.S.
Environmental Protection Agency (USEPA) has not established a maximum contaminant level
(MCL) for ammonium in drinking water.

Table 2. Ammonium-N results for wells where detected in 2015 and 2016.

EIM Well Ammonium-
. Sample
Location Tag Date N
ID ID (mg/L)

39307H1 BCS953 3/16/2015 | 0.010
39307H1 BCS953 3/23/2016 | 0.010 U
40305N3 BCS964 3/18/2015 | 0.046
40305N3 BCS964 3/22/2016 | 0.041
40308P1 BCS965 3/17/2015 | 0.155
40303Q1 | AGT433 3/22/2016 | 0.014

U: Below the specified detection limit.

Chloride

Chloride concentrations for sampled wells are shown graphically in Figures 5-7 and in tabular
form in Appendix B. Chloride concentrations ranged from 1.07 to 53.5 mg/L and averaged 8.34
mg/L. These levels are well below the 250 mg/L public water supply secondary MCL for
chloride (Chapter 246-290 WAC). This standard is not health-based.

Bromide

Bromide was detected in 16 wells (Appendix B). The maximum concentration observed was
2.98 mg/L. Bromide was detected in 2 wells between 2009 and 2011, when the laboratory
detection limit was 0.2 mg/L. When the detection limit was lowered to 0.025 mg/L in 2012, five
wells where bromide previously had not been detected had concentrations above the 0.025 mg/L
threshold.

Field parameters

Results for temperature, pH, conductivity, and dissolved oxygen are listed in Appendix B. pH
ranged from 4.27 to 7.65. Conductivity ranged from 61 to 583 umhos/cm. Dissolved oxygen
concentrations ranged from 0.0 to 10.0 mg/L and are shown in Figures 5-7. There are no MCLs
for these parameters.
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Discussion

The Sumas-Blaine aquifer ambient groundwater monitoring network was designed to provide a
broad-scale assessment of trends in nitrate concentrations over time in drinking water wells that
had been previously sampled in 1997 and 2003-2005%.

Nitrate

Evaluation of nitrate trends

The Mann-Kendall non-parametric test® was used to assess trends in individual well nitrate-N
concentrations over two periods: 2003-2016 and 1997-2016. The nitrate-N data for 1997 were
collected by Ecology during a large-scale evaluation of ambient groundwater quality conditions
in the SBA as a whole (Erickson, 1998). The 2003-2005 data were collected during an earlier
phase of the current study (Redding, 2008). Trend statistics are reported at the 95% confidence
level (P <0.05).

Nine wells showed statistically significant decreasing trends in nitrate-N concentration during
2003-2016, while one well showed an increasing trend (Table 3 and Figure 11). The remaining
15 wells showed no statistically significant trend in nitrate-N concentrations.

Long-term nitrate trends for 1997-2016 were similar to those observed for 2003-2016. Seven of
the 24 wells sampled during both periods showed significant decreases in nitrate-N concentration
(Table 3).

4 Eleven wells have a complete set of nitrate data for the 2003-2005 and 2009-2016 monitoring periods. The
remaining 14 wells have at least one missing sample due to varying accessibility. Three wells were added in 2015
and 2016 to replace wells that were no longer accessible. The new wells had been previously sampled in either 1997

or 2003-2005 but had not been sampled since 2005.
®> The Mann-Kendall test does not require that the data fit a particular distribution (EPA Unified Guidance, 2009).

The test is also not sensitive to breaks in data over time: for example, if a sample could not be collected every year
(Karmeshu, 2012).
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Table 3. Results of Mann-Kendall trend tests for nitrate-N (2003-2016 and 1997-2016) and
chloride (2009-2016) concentrations.

Blank cells indicate no statistically significant trend (p < 0.05).

Nitrate-N (2003-2016)* Nitrate-N (1997-2016)"? Chloride (2009-2016)
Well ID n Increase/ n Increase/ Decrease n | Increase/ Decrease
Decrease

ABO112 ~ 7 Decrease 8 Decrease 7

AGF141 10 11 8

BCS951 *+ 10 11 8 Decrease
BCS952 + 7 Decrease 8 4

BCS953 **+ | 10 Decrease 11 Decrease 8 Decrease
BCS954 *~ 9 10 Decrease 7

BCS955 ~ 9 Increase 10 6

BCS956 *A 10 Decrease 11 Decrease 7

BCS957 6 7 4

BCS958 9 10 6

BCS959 10 11 8 Decrease
BCS960 8 9 5

BCS961 / 10 Decrease 11 Decrease 8

BCS962 10 Decrease 11 Decrease 8 Decrease
BCS963 10 11 8

BCS964 10 11 7

BCS965 7 7 NA 7 Increase
BCS966 10 11 7 Decrease
BCS967 ~ 10 Decrease 11 8

BCS968 9 10 Increase 7

BCS969 9 10 8

BCS970 **~ | 10 Decrease 11 Decrease 8 Decrease
BCS971 7 8 4

BCS972 10 11 8

BCS973 + 10 Decrease 11 Decrease 8

! From Redding (2008)

2 From Erickson (1998)

Bold: Wells with a complete data set (2003-2005 and 2009-2016)

n: Number of samples

** Both nitrate-N and chloride decreased during 2009-2016

A Nitrate-N decreased from greater than 10 mg/L to less than 10 mg/L during 2009-2016
+ Nitrate-N was still greater than 10 mg/L in 2016

~ Nitrate-N has not exceeded 10 mg/L
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Figure 11. Wells with significant trends in nitrate-N concentration for 2003-2016 using the
Mann-Kendall test at the 95% confidence level.
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The concentration of nitrate-N in 5 wells with significant downward trends also decreased from
above 10 mg/L to below 10 mg/L over the period 2003-2016 (Table 4). Nitrate-N concentrations
remained above 10 mg/L in 3 wells despite decreasing trends. Nitrate-N concentrations were
consistently less than 10 mg/L in the remaining well.

Table 4. Status of wells with statistically significant decreasing trends from 2003 to 2016 based
on the Mann-Kendall test (p < 0.05).

Nitrate-N concentration relative to Number
X Well tag IDs
10 mg/L groundwater standard of wells
Nitrate-N has been greater than 10 mg/L, and was s ABO112, ,BCS956,
less than 10 mg/Lin 2016 BCS961, BCS962, BCS970
Nitrate-N has been greater than 10 mg/L, and was
. . 3 BCS952, BCS953, BCS973
still greater than 10 mg/Lin 2016
Nitrate-N has been less than 10 mg/Lin all years 1 BCS967

1 Chapter 173-200 WAC Water quality standards for groundwaters of Washington.
http://apps.leg.wa.gov/WAC/default.aspx?cite=173-200

In addition to trends in individual wells, we also used the Mann-Kendall method to assess
potential trends in the annual average and median nitrate concentrations for 11 wells that were
consistently sampled during 2003-2016 (Figure 12). Data for 2014 were not included because
they were collected after the spring season.
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Figure 12. Sampled wells with complete nitrate data for 2003-2005 and 2009-2016.

Pink dots indicate all wells sampled in 2009-2016.
Blue squares indicate wells with a complete nitrate record for spring 2003-2005 and 2009-2016.
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The annual average nitrate-N concentration in wells with complete data sets showed a
statistically significant decreasing trend from 13.8 mg/L in 2003 to 8.70 mg/L in 2016

(Figure 13). The annual median nitrate-N concentration also showed a statistically significant
decrease from 10.2 to 6.99 mg/L. The percent of samples that exceeded 10 mg/L nitrate-N

in the complete data set also decreased from 55%-64% in 2003-2005 to 18%-27% in 2013-2016

(Table 5).

16

14

12 MCL for drinking water

M

2003 2004 2005 2009 2010 2011 2012 2013 2014* 2015 2016

Nitrate-N (mg/ L)
co

Figure 13. Annual average nitrate-N concentrations for 11 wells with complete records.
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Table 5. Descriptive statistics for nitrate-N concentrations in 11 wells with complete records for
2003-2005 and 2009-2016 and the percentage of wells exceeding 10 mg/L nitrate-N.

2003 2004 2005 2009 2010 2011 2012 2013 | 2014* 2015 2016

Average 13.8 11.6 13.7 10.4 10.7 10.9 10.8 8.80 9.06 8.77 8.70

Median 10.2 10.7 125 8.49 8.23 8.37 7.96 7.44 7.34 8.81 6.99

Maximum 34.0 32.0 34.0 28.0 24.0 24.5 25.3 22.9 25.1 23.3 24.0

Minimum 160 | 212 | 265 | 485 | 470 | 403 | 572 | 184 | 266 | 1.68 | 2.25
standard 108 | 80 | 87 6.9 5.7 6.6 7.0 6.1 6.6 57 | 57
Deviation
% wells
exceeding 55 64 64 36 27 27 36 18 27 18 18
10 mg/L

*Samples were collected in May.

The annual average and median nitrate-N concentrations in all sampled wells, including those
with incomplete records, also showed a statistically significant decreasing trend from 2003 to
2016 (Table 3). The percent of samples that exceeded 10 mg/L nitrate-N also decreased from
48-63% in 2003-2005 to 15-32% in 2013-2016 (Table 3).

Annual snapshot maps of nitrate-N concentrations shown in Figures 8-10 indicate fewer nitrate-
N results in the 10-30 mg/L category in recent years than in earlier years. Likewise, there were
more results in the 5-10 mg/L category in recent years than in earlier years.

Nitrate-N concentrations still did not meet the 10 mg/L drinking water standard in 24% of the
wells sampled in 2016 that had sufficient data for trend analysis. Four of the 25 trend wells were
not accessible for sampling in 2016.

Precipitation influence on nitrate concentrations

The available period of record for nitrate sampling is relatively short compared to long-term
climate cycles. However, there appears to be a correlation between median nitrate-N
concentrations in groundwater from the SBA and wintertime precipitation based on records from
the Abbotsford, British Columbia, Airport (September-March) (Figure 14).

Winter precipitation during the 6 winter months preceding groundwater sampling was used for
the precipitation indicator, because nearly all annual recharge to the aquifer occurs during the
winter. Local field studies have documented very rapid movement of recharge to the shallow
water table (Cox, 2016; Carey et al., 2014; Carey, 2002). The fall/winter period was therefore
considered the most important season for nitrate mobilization.
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Figure 14. Trend line for correlation between annual median groundwater nitrate-N
concentration and winter precipitation (September-March) at Abbotsford, B.C. Airport for 2003-
2005 and 2009-2016.

2013 is excluded due to gaps in the precipitation record for 2013.
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html

The correlation between precipitation and groundwater nitrate-N concentration is similar to
findings in the northern portion of the Abbotsford-Sumas aquifer. Graham et al. (2015) found
that warmer, drier EI Nino winters with less recharge resulted in less nitrate leaching than cooler,
wetter winters. Wick et al. (2012) and Fraters et al. (2015) found higher nitrate mass leaching,
yet lower leachate nitrate concentrations, in wetter years due to dilution. However, Graham et al.
(2015) and Owens et al. (2012) reported both higher nitrate mass leaching and higher nitrate
concentrations in groundwater. The latter two studies may indicate that dilution from higher
recharge in these settings did not overcome the effects of greater nitrate mass leaching.

Page 33


http://climate.weather.gc.ca/historical_data/search_historic_data_e.html

Ammonium

Ammonium-N was detected in 4 of 23 wells sampled in 2015 and 2016 at relatively low
concentrations (Table 2). Reducing conditions (low dissolved oxygen) were also found in
samples from wells with ammonium-N. This is consistent with results from Cox and Kahle
(1999), where few of the 182 ammonia samples they collected across the SBA contained more
than 0.01 mg/L ammonium-N. Ammonium-N is typically converted to nitrate when sufficient
oxygen and carbon are adequate for the bacterial reaction.

Conductivity measurements in 2 wells with ammonium detections (BCS953 and BCS965) were
100-200 umhos/cm higher than the area average conductivity of 223 umhos/cm. This may
indicate a nearby source of organic nitrogen and/or leakage along the well’s annular space.

Chloride

Chloride is a good tracer for animal and human waste because it is relatively non-reactive
chemically and biologically. Chloride is also typically not found in significant concentrations in
geologic materials or in fertilizers. Cox and Kahle (1999) categorized naturally occurring
chloride concentrations in local groundwater resulting from infiltrating precipitation as less than
4 mg/L. Concentrations of chloride greater than 4 mg/L and less than 40 mg/L were considered
likely indicators of contamination from animal or human waste (Erickson, 1998; Cox and Kahle,
1999).

Erickson (1994) evaluated leakage from two local dairy lagoons and reported chloride
concentrations in lagoon wastewater of 139-962 mg/L. Chloride concentrations in liquid
samples collected from a manure gun at a grass field in the area averaged 340 mg/L and ranged
from 153 to 652 mg/L (Carey, 2002).

The annual mean and median chloride concentrations in samples collected during this study
during 2009-2016 were lower than those reported by Erickson (1998). Erickson (1998) found a
mean chloride concentration of 13.7 mg/L and a median of 8.3 mg/L based on 248 area wells
(Table 6). The mean annual chloride concentrations observed during the current study ranged
from 6.2 to 9.9 mg/L. The annual median chloride concentration ranged from 5.4 to 8.2 mg/L.

Table 6. Annual mean, median, maximum, and minimum chloride values for 2009-2016 and
number of wells sampled (mg/L).

2009 2010 2011 2012 2013 2014* 2015 2016
Mean 9.55 9.92 8.43 8.36 7.45 8.68 8.07 6.16
Median 7.45 8.24 6.99 7.11 6.19 6.06 5.69 5.44
Maximum 24.9 25.3 33.6 38.3 27.8 43.7 53.5 13.3
Minimum 2.21 1.88 1.94 1.07 2.36 1.68 1.36 1.52
n 24 25 24 23 20 16 21 21

*Samples were collected in May.
n: Number of samples.
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Statistically significant downward trends were detected in chloride concentrations at 6 wells
during this study, while one well showed an upward trend (Table 3 and Figure 15). The
remaining 18 wells showed no statistically significant trend in chloride concentration.

Chloride trends
2009-2016

gS-Can ada border
<.J

Everson

O Decrease
/\lIncrease

s

Figure 15. Wells with statistically significant trends in chloride concentration for 2009-2016
using the Mann-Kendall test at the 95% confidence level.

Three wells with statistically significant decreasing chloride trends also had decreasing nitrate
trends (Table 3). Chemical and biological reactions such as denitrification and crop uptake
affect nitrate, but not chloride, and may help explain the differences between trends in the 2 ions
in some locations. The difference between the trends may also be related to the source of nitrate,
whether animal/human, chemical fertilizer, or both.

The annual average and median chloride concentrations for the wells as a whole showed
significant downward trends during 2009 to 2016 (Table 6). The annual average chloride
concentration was 9.55 mg/L in 2009 and 6.16 mg/L in 2016. The median concentration was
7.45 mg/L in 2009 and 5.44 mg/L in 2016.
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Nitrate, chloride, and dissolved oxygen

Time series plots of nitrate, chloride and dissolved oxygen illustrate that in some wells nitrate
and chloride followed similar patterns (Figures 5-7). Correlation coefficients (r?) for nitrate and
chloride concentrations were greater than 0.70 in 6 wells (BCS958, BCS960, BCS964, BCS968,
BCS970, and BCS973), indicating a possible relationship between sources. Nitrate-N
concentrations in 5 of the 6 wells were greater than 10 mg/L.

Although nitrate at a particular location can originate from a combination of sources, similar
upward and downward changes in nitrate and chloride concentrations over time likely suggest
manure and/or human waste as a primary source. Wells where nitrate and chloride did not track
closely could indicate influence from inorganic fertilizer or manure/animal waste where
proportionately more nitrogen has been lost to volatilization, denitrification, or crop removal
than at other locations. The shorter period of record for chloride (8 years) compared to nitrate
(11 years) may have prevented detection of tandem trends with nitrate. The stringent 95% trend
confidence level likewise may have prevented detection of changes that might be evident if less
stringent confidence levels were used.

Chloride/bromide ratio

Bromide, like chloride, is a conservative element in the environment. When used in combination
with other evidence and indicators, the chloride/bromide (CI/Br) mass ratio can potentially be
used as a tracer to distinguish among sources of groundwater contamination, especially domestic
sewage, stormwater, and agriculture (Davis et al., 1998; Katz et al., 2011; Pasten-Zapata, 2014).
Much of the chloride and bromide in groundwater comes from atmospheric deposition,
especially near salt water (Davis et al., 1998). Further from the coast, other sources of chloride
and bromide, such as on-site sewage systems, seawater intrusion, agricultural activities, and
dissolution of minerals in soil, become more influential.

Chlorine and bromine have similar properties, including high solubility, low adsorption in
solution, and low concentration in rock minerals. The main difference between the ions is that
chlorine is about 40 to 8,000 times more prevalent than bromine in the environment. Therefore,
if chlorine is relatively stable, small changes in bromine can help indicate a source of
contamination (Davis et al., 1998). The CI/Br ratio has mainly been found to be effective in
helping evaluate contaminant sources when the chloride concentration in groundwater is greater
than 20 mg/L (Katz et al., 2011). Chloride concentrations in wells where bromide was detected
during this study, 1.7-13.3 mg/L, were below 20 mg/L. Therefore the method may not be
appropriate for this setting.

The CI/Br ratio is also not well suited for detecting on-site sewage contamination in areas with a
low density of on-site systems such as the SBA area (Katz et al., 2011). The method is more
applicable to areas where lot sizes are 1 acre or less.

Pesticides containing bromine have also been shown to affect CI/Br ratios in urban runoff
(Davis et al., 1998). Groundwater contamination from ethylene dibromide (EDB) and
1,2-dichloropropane (1,2-DCP) has been documented in the SBA study area (Redding, 2011b;
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Ecology, 1999). In 2007, EDB and breakdown products were detected in some of the wells
shown in Figure 16. Dauvis et al. (1998) reported CI/Br ratios of 10 to 100 in urban runoff
containing EDB in the 1980s, when EDB was still being used as a gasoline additive.

U_S-Canada border

Everson

5 Miles

Figure 16. The area (ring) where EDB and breakdown products, 1,2-DCP and DBCP, were
detected in water supply wells in 2007 (Redding, 2011b).

Circles indicate wells sampled as part of the current study.

The following general ranges of CI/Br mass ratios have been suggested for possible source
screening in conjunction with other information:

e 400-1,100 — On-site sewage (Katz et al., 2011)
e 100-1,200 — Agrochemicals (Pasten-Zapata et al., 2014)
e 10-100 — Brominated pesticides such as EDB (Davis et al., 1998)

Overlap in CI/Br ranges associated with different sources prevents clear distinctions between
sources except for the low EDB ratios.

Figure 17 shows the CI/Br ratios for wells where bromide was detected. Three wells with CI/Br
ratios less than or equal to 100, indicative of brominated pesticides, are located in the area where
EDB contamination occurred and was detected most recently in 2007 (Redding, 2011b).
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Figure 17. Chloride/bromide mass ratios in wells where bromide was detected.
Ratios below 100 may indicate influence from EDB and/or EDB breakdown products.

Limitations of the current study

The current SBA ambient groundwater monitoring network has several limitations for assessing
nitrate trends. These limitations include: the scale of the study, unreliable access to wells,
sample representativeness of aquifer quality, uncertain local groundwater flow direction, and the
potential impacts of long-term climate oscillations.

Study scale and unreliable access to wells

The scale of the study is relatively small for the 150-square-mile aquifer area. Each of the

25 wells analyzed represents only a limited area upgradient of the well. Groundwater quality can
be extremely variable over short distances, because land use overlying the SBA is so variable. In
addition, slow groundwater movement (on the order of feet/year) limits the representativeness of
the 25-well data set for the SBA as a whole.

The number of consistently sampled wells has decreased since 2009 due to changes in land
ownership or owners opting out of the study. Five wells that are no longer accessible had nitrate-
N results greater than 10 mg/L, indicative of a contaminant source.
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Representativeness

Samples from private drinking water wells may not be representative of recently recharged
(younger) groundwater. The top of the open interval of wells, where groundwater enters the
well, was an average of 11 feet below the top of the water table and ranged from 3 to 36 feet
(Appendix A). Water levels in most wells were at least 10 feet below the top of the water table
based on drilling logs. Because sample water intake was probably below the top of the water

table during most sampling events, results may not represent water that recently reached the
water table.

Figure 18 illustrates that generally groundwater at deeper depths in a surficial aquifer originates
at some distance upgradient of the well. Deeper water represents older groundwater than
groundwater at shallow depths. Well water at deeper depths typically entered the aquifer over an
unknown period of time and represents a mixture of water of different ages.

At least 12 wells sampled in the study are shallow, dug wells sealed with concrete. Such wells
are susceptible to leaking between tile curbs, which may allow leaching of surface water along
the well casing, especially during the rainy winter season. Drilling logs are not available for an
additional 5 older shallow wells that may be similarly constructed.

Investigated Area Contributing Area B
[ ] [ | e
Upgradient MW Land Surface _————

Contributing Area A

[
Downgradient MW

Water Table

CLRE R R R VTR RRHRTRL &

-I.ength of Screen Below
Water Table

from Harter, 2002, modified by Angermann, 2016

Figure 18. Generalized groundwater flow diagram showing that water near the top of the water
table represents the most recent recharge from above-land uses.

Water deeper in the aquifer represents water recharged further upgradient and longer ago than shallow
groundwater. Vertical tubes with horizontal lines represent wells. MW = Monitoring well.
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Flow direction

Another limitation of the current network is the lack of information on the local groundwater
flow direction in the vicinity of individual wells. Without information on nearby flow direction,
it is difficult to determine land use impacts on individual wells. Assessing land use impacts at
individual wells was not the intent of the study and would require a more intensive monitoring
program.

Climate influences

The period of record for this study is short compared with climatic cycles shown to affect
groundwater nitrate-N concentrations. The 17-year nitrate record for the Environment Canada
groundwater monitoring network in the nearby northern portion of the Abbotsford-Sumas aquifer
provided evidence of seasonal influences due to cycles in precipitation (1 year) as well as longer-
period cycles (~5 years) (Graham et al., 2015). These cycles may be due to ENSO (EI Nino
Southern Oscillation) or the PNA (Pacific North American) pattern.

Nitrate-N variations of up to + 3 mg/L may be explained simply by climate variability. Graham
et al. (2015) caution that a sufficiently long period of record is needed to include climate
oscillations in trend analyses in this location. They advise that attributing short-term trends in
groundwater nitrate concentration to land use or management practices without taking long-term
climate variability into account can be misleading.
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Conclusions

The Sumas-Blaine aquifer (SBA) ambient groundwater monitoring network provides
information to evaluate trends over time for nitrate and chloride in drinking water wells at
roughly 25 locations. Nitrate trend analysis for individual wells indicated statistically significant
decreases in 9 of 25 wells (36%) at the 95% confidence level (p < 0.05) for 2009-2016. No
statistically significant nitrate trends were observed in 15 wells (56%), and one well showed a
significant increase (4%). Trend results for 1997-2016 in 19 wells were consistent with results
for 2003-2016.

Nitrate-nitrogen (nitrate-N) concentrations in 5 wells with statistically significant decreasing
trends that had been greater than 10 mg/L in earlier years were below 10 mg/L in the most recent
samples. In 3 wells with statistically significant decreasing trends, the latest nitrate-N
concentrations were still above 10 mg/L.

The average and median annual nitrate-N concentrations trended downward in 11 wells with a
complete nitrate record. The percentage of wells exceeding (not meeting) the 10 mg/L standard
for drinking water and groundwater likewise trended downward in the group with complete data.
Exceedances of the nitrate groundwater standard were lower for the most part in recent years
(15-32% in 2013-2016) than in 2003-2005 (48-63%). Despite decreasing or stable nitrate-N
concentrations in the majority of wells, 24% of 25 wells analyzed for trends continued to exceed
(not meet) the drinking water standard in 2016.

Annual median nitrate-N concentrations were correlated with precipitation during the 6 months
preceding sampling (September-March). Long-term climate cycles may influence groundwater
nitrate concentrations, but the current period of record is too short to determine their importance.

Chloride trends for 2009-2016 were significantly downward in 6 wells (24%), were not
significant in 18 (72%), and increased in 1 (4%). In 3 wells, both nitrate and chloride results
showed a statistically decreasing trend. Corresponding changes in nitrate and chloride concen-
trations suggest animal/human sources in some wells. A somewhat shorter period of record for
chloride than nitrate and the stringent 95% confidence limit may have obscured similarities in
nitrate and chloride trends. In some cases, differences in nitrate and chloride trends may be
related to inorganic nitrogen fertilizer sources or to animal/human sources, where nitrate losses
vary from year to year due to chemical and biological processes in the environment.

The chloride/bromide mass ratio was not a useful indicator of nutrient sources locally due to
overlap in the signals for different land uses and to generally low chloride concentrations.

The current SBA groundwater monitoring network provides a broad-scale assessment of changes
in nitrate and related constituents over time, with limitations. Samples from drinking water wells
may not be representative of recently recharged water. The network does not address
groundwater flow direction and related cause-and-effect relationships. Unreliable access to the
network’s domestic wells, and the small number of wells sampled relative to the spatial extent of
the aquifer, limit the ability to draw conclusions about changes in nitrate concentrations over
time in the SBA as a whole.
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Recommendations

The following recommendations are intended to improve our understanding of nitrate conditions
in the Sumas-Blaine aquifer (SBA):

e Conduct a follow-up, large-scale, spring-season well sampling for nitrate and chloride across
the SBA to compare current conditions with those observed in 1997.

e Assemble interested local and regional stakeholders, including farmers and local residents, to
evaluate and revise the monitoring network goals and objectives for the SBA. Possible goals
for the next stage of monitoring could include:

0 Characterize the groundwater flow system in more detail, including groundwater/surface
water interactions and building on the U.S. Geological Survey (USGS) and Environment
Canada monitoring efforts.

Monitor the most recently recharged groundwater representative of recent activities.
Determine the impact of various land uses and management practices on groundwater.
Investigate climate influences on groundwater nitrate concentration.

O O O O

Characterize concentrations of other chemicals of concern (e.g., pesticides, herbicides,
pharmaceuticals).

e Propose a re-designed, long-term monitoring study based on the revised recommended goals
and objectives.

e Continue sampling wells in the current network to provide a long-term record of nitrate
concentrations until revisions to the program are finalized.

e Test age-dating methods and additional tracers to identify nitrate sources.

Page 42



References

Almasri, M.N. and J.J. Kaluarachchi, 2004. Implications of on-ground nitrogen loading and soil
transformations on groundwater quality management. Journal of the American Water Resources
Association. VVolume 40, Issue 1, p. 165-186.

Angermann, T.E., 2016. Central Valley dairy representative monitoring program-Insights from 4
years of monitoring and special studies. Presentation for: Toward Sustainable Groundwater in
Agriculture, San Francisco, CA, June 28, 2016.

Bandaragoda, C., J. Greenberg, C. Lindsay, and M. Dumas, 2013. WRIA 1 Groundwater

Data Assessment: Overview. In Bandaragoda, C., J. Greenberg, C. Lindsay and M. Dumas,
editors. WRIA 1 Groundwater Data Assessment, Whatcom County PUD #1, Whatcom County,
WA. WRIA 1 Joint Board.

Brender, J.D. et al, 2013. Prenatal nitrate intake from drinking water and selected birth defects
in offspring of participants in the National Birth Defects Prevention Study. Environmental
Health Perspectives, Volume 121, p. 1083-1089.

Carey, B., 2016. Standard Operating Procedures for Purging and Sampling Water Supply Wells
for General Chemistry Parameters. Version 1.0. Washington State Department of Ecology,
Olympia, WA. SOP Number EAP096. www.ecy.wa.gov/programs/eap/quality.html

Carey, B.M. and J.H. Harrison, 2014. Nitrogen dynamics at a manured grass field overlying the
Sumas-Blaine Aquifer in Whatcom County. Washington State Department of Ecology, Olympia,
WA. Publication No. 14-03-001.
https://fortress.wa.gov/ecy/publications/SummaryPages/1403001.html

Carey, B. and R. Cummings, 2012. Sumas-Blaine Aquifer nitrate contamination summary.
Washington State Department of Ecology, Olympia, WA. Publication No. 12-03-026.
https://fortress.wa.gov/ecy/publications/summarypages/1203026.html

Carey, B., 2002. Effects of land application of manure on groundwater at two dairies over the
Sumas-Blaine Surficial Aquifer: Implications for agronomic rate estimates. Washington State
Department of Ecology, Olympia, WA. Publication No. 02-03-007.
https://fortress.wa.gov/ecy/publications/SummaryPages/0203007.html

Cox, S., 2016. Personal communication. U.S. Geological Survey, Tacoma, WA.

Cox, S. and S. Kahle, 1999. Hydrogeology, ground water quality, and sources of nitrate in
lowland glacial aquifers of Whatcom County, Washington, and British Columbia, Canada.
U.S. Geological Survey Water-Resources Investigations Report 98-4195. Tacoma, WA.

Davis, S. N., D. O. Whittemore, and J. Fabryka-Martin, 1998. Uses of chloride/bromide ratios in
studies of potable water. Ground Water, Vol. 36, No. 2, p. 338-350.

Page 43


http://www.ecy.wa.gov/programs/eap/quality.html
https://fortress.wa.gov/ecy/publications/SummaryPages/1403001.html
https://fortress.wa.gov/ecy/publications/summarypages/1203026.html
https://fortress.wa.gov/ecy/publications/SummaryPages/0203007.html

Durand P., Breuer L., and Johnes P.J., 2011. Nitrogen processes in aquatic ecosystem. In: Sutton
M.A., Howard, C.M., Erisman, J.W., Billen, G., Bleeker, A., Grennfelt, P., van Grinsen, H.,
Grizzetti, B. (eds) The European nitrogen assessment—sources, effects and policy perspectives.
Cambridge University Press, New York, p. 126-146.

Easterbrook, D. J., 1971. Geology and geomorphology of western Whatcom County. Western
Washington University, Department of Geology, Bellingham, WA.. 68 pages.

Ecology, 2008. Manchester Environmental Laboratory Lab Users Manual, Ninth
Edition. Manchester Environmental Laboratory, Washington State Department of Ecology,
Manchester, WA.

Ecology, 1999. 1998 Site investigation, Bertrand Creek & Meadowdale areas, Whatcom
County, Washington--Study of drinking water from residential wells. Washington State
Department of Ecology, Olympia, WA. Publication No. 99-601, 48 p. + figures and appendices.
https://fortress.wa.gov/ecy/publications/SummaryPages/99601.html

Erickson, D., 2000. Northcentral Sumas-Blaine Surficial Aquifer nitrate characterization
project—June 1999. Washington State Department of Ecology, Olympia, WA. Publication No.
00-03-010. https://test-fortress.wa.gov/ecy/publications/SummaryPages/0003010.html

Erickson, D., 1998. Sumas-Blaine Surficial Aquifer Nitrate Characterization. Washington State
Department of Ecology, Olympia, WA. Publication No. 98-310. 27 pages.
https://fortress.wa.gov/ecy/publications/SummaryPages/98310.html

Erickson, D., 1997. Field notes for report: Sumas-Blaine Aquifer Nitrate Characterization,
Washington State Department of Ecology, Olympia, WA. Publication No. 98-310.
https://fortress.wa.gov/ecy/publications/documents/98310.pdf

Erickson, D., 1994. Effects of leakage from four dairy waste storage ponds on ground water
quality, final report. Washington State Department of Ecology, Olympia, WA. Publication No.
94-109, 50 pages + appendices.
https://fortress.wa.gov/ecy/publications/summarypages/94109.html

Erickson, D. and D. Norton, 1990. Washington State Agricultural Chemicals Pilot Study, Final
Report. Washington State Department of Ecology, Olympia, WA. 76 pages + appendices.
Publication No. 90-46. https://fortress.wa.gov/ecy/publications/SummaryPages/9046.html

Fraters, D., T. van Leeuwen, L. Boumans, and J. Reijs, 2015. Acta Agriculturae Scandinavica,
Section B — Soil & Plant Science, 65:sup2, p. 144-154.

Graham, G., D.M. Allen, and B. Finkbeiner, 2015. Climate controls on nitrate concentration
variability in the Abbotsford-Sumas aquifer, British Columbia, Canada. Environmental Earth
Science, Volume 73.6, p. 2895-2907.

Graham, G., 2008. Environment Canada. Presentation to the Abbotsford Aquifer Meeting,
March 12, 2008.

Page 44


https://fortress.wa.gov/ecy/publications/SummaryPages/99601.html
https://test-fortress.wa.gov/ecy/publications/SummaryPages/0003010.html
https://fortress.wa.gov/ecy/publications/SummaryPages/98310.html
https://fortress.wa.gov/ecy/publications/documents/98310.pdf
https://fortress.wa.gov/ecy/publications/summarypages/94109.html
https://fortress.wa.gov/ecy/publications/SummaryPages/9046.html

Green, C.T, L.J. Puckett, J.K. Bohlke, B.A. Bekins, S.P. Phillips, L J. Kauffman, J.M. Denver,
and H.M. Johnson, 2008. Limited Occurrence of Denitrification in Four Shallow Aquifers in
Agricultural Areas of the United States. Journal of Environmental Quality. Volume 37, p. 994-
1009.

Harter, T., H. Davis, M.C. Mathews, and R.D. Meyer, 2002. Shallow groundwater quality on
dairy farms with irrigated forage crops. Journal of Contaminant Hydrology, Vol 55, p. 287-315.

Hulsman, S., 2016. Email communication August 3, 2016. Washington State Department of
Health, Northwest Office of Drinking Water Operations, Kent, WA.

Inoue-Choi, Maki, R.R. Joes, K.E. Anderson, K.P. Cantor, J.R. Cerhan, S. Krasner, K. Robien,
P.J. Weyer, and M.H. Ward, 2015. Nitrate and nitrite ingestion and risk of ovarian cancer
among postmenopausal women in lowa. International Journal of Cancer, Vol 137, p. 173-182.

Jones, M., 1999. Geologic framework for the Puget Sound Aquifer System, Washington and
British Columbia. U.S. Geological Survey, Professional Paper 1424-C. 31 pages + 18 plates.

Jones, R.R., P.J. Weyer, C.T. Della Valle, M. Inoue-Choe, K.E. Anderson, K.P. Cantor, S.
Krasner, K. Robien, L.E. Beane Freeman, D.T. Silverman, and M.H. Ward, 2016.

Nitrate from drinking water and diet and bladder cancer among postmenopausal women in
lowa. Environmental Health Perspectives, Volume 124, p. 1751-1758.

Karmeshu, N., 2012. Trend detection in annual temperature and precipitation using the Mann-
Kendall Test — A case study to assess climate change on select states in the Northeastern United
States. University of Pennsylvania Master of Environmental Studies Capstone Projects. 47.
http://repository.upenn.edu/mes_capstones/47

Katz, B.G., S.M. Eberts, and L.J. Kauffman, 2011. Using CI/Br ratios and other indicators for
assess potential impacts on groundwater quality from septic systems: A review and examples
from principal aquifers in the United States. Journal of Hydrology, Volume 397, p. 151-166.

Mitchell, R., S. Babcock, H. Hirsch, L. McKee, R. Matthews, and J. Vandersypen, 2005. Water
Quality: Abbotsford-Sumas Final Report. Western Washington University, Bellingham, WA,
144 pages. http://kula.geol.wwu.edu/rjmitch/Report_2005.pdf.

Obert, W.C., 1973. Nitrate in ground water, western Whatcom County, Washington. Western
Washington State College Master’s Thesis, 167 p.

Owens, L.B., Barker D.J., Loerch S.C., Shipitalo M.J., Bonta J.V., Sulc R.M., 2012. Inputs and
losses by surface runoff and subsurface leaching for pastures managed by continuous or
rotational stocking. Journal of Environmental Quality, Volume 41, p. 106-113.

Pasten-Zapata, E., R. Ledesma-Ruiz, R.T. Harter, A.l. Ramirez, J. Mahlknecht, 2014.
Assessment of sources and fate of nitrate in shallow groundwater of an agricultural area by using
a multi-tracer approach. Science of the Total Environment, VVol. 470-471, p. 855-864.

Page 45


http://repository.upenn.edu/mes_capstones/47
http://kula.geol.wwu.edu/rjmitch/Report_2005.pdf

Redding, M., 2012. Addendum to Quality Assurance Project Plan: Sumas-Blaine Surficial
Aquifer long-term ambient groundwater monitoring. Washington State Department of Ecology,
Olympia, WA. Publication No. 09-03-111-Addendum.
https://fortress.wa.gov/ecy/publications/SummaryPages/0903111Addendum.html

Redding, M., 2011a. Sumas-Blaine Aquifer long-term groundwater quality monitoring network-
2009 Annual report. Washington State Department of Ecology, Olympia, WA. Publication No.
11-03-015. https://fortress.wa.gov/ecy/publications/summarypages/1103015.html

Redding, M., 2011b. EDB and 1,2-DCP in Domestic Groundwater Supplies, Follow-Up
Investigation: Bertrand Creek Area (Whatcom County). Washington State Department of
Ecology, Olympia, WA. Publication No. 11-03-050. 43 pages + appendices.
https://fortress.wa.gov/ecy/publications/SummaryPages/1103050.html

Redding, M., 2009. Quality Assurance Project Plan: Sumas-Blaine Surficial Aquifer long-term
ambient groundwater monitoring. Washington State Department of Ecology, Olympia, WA.
Publication No. 09-03-111.
https://fortress.wa.gov/ecy/publications/summarypages/0903111.html

Redding, M., 2008. Nitrate trends in the Central Sumas-Blaine Surficial Aquifer. Washington
State Department of Ecology, Olympia, WA. Publication No. 08-03-018, 117 pages
https://fortress.wa.gov/ecy/publications/summarypages/0803018.html

Sawyer, C.N. and P.L. McCarty, 1978. Chemistry for Environmental Engineering. McGraw
Hill Book Company, San Francisco, CA. 532 p.

Sinclair, K. and C. Pitz, 1999. Estimated baseflow characteristics of selected Washington rivers
and streams. Water Supply Bulletin 60. Washington State Department of Ecology, Olympia,
WA. Publication No. 99-327. https://fortress.wa.gov/ecy/publications/summarypages/99327.html

Swanson, T., 2007. Standard Operating Procedure (SOP) for Hydrolab® DataSonde® and
MiniSonde® Multiprobes, Version 1.0. Washington State Department of Ecology, Olympia,
WA. SOP Number EAP033. www.ecy.wa.gov/programs/eap/quality.html

Tooley, J. and D. Erickson, 1996. Nooksack Watershed Surficial Aquifer Characterization.
Washington State Department of Ecology, Olympia, WA. Publication No. 96-311. 12 pages +
appendices and plates. https://fortress.wa.gov/ecy/publications/SummaryPages/96311.html

USEPA, 2009. Statistical analysis of groundwater monitoring data at RCRA facilities, Unified
Guidance. Chapter 17.3.2. Mann-Kendall Trend Test. U.S. Environmental Protection Agency,
Office of Resource Conservation and Recovery. EPA Publication 530/R-09-007.
http://www.itrcweb.org/ism-1/references/unified-guid.pdf

Von Prause, M., 2014. River and stream water quality monitoring report: Water Year 2013.
Washington State Department of Ecology, Olympia, WA. Publication No. 14-03-047.
https://fortress.wa.gov/ecy/publications/SummaryPages/1403047.html

Page 46


https://fortress.wa.gov/ecy/publications/SummaryPages/0903111Addendum.html
https://fortress.wa.gov/ecy/publications/summarypages/1103015.html
https://fortress.wa.gov/ecy/publications/SummaryPages/1103050.html
https://fortress.wa.gov/ecy/publications/summarypages/0903111.html
https://fortress.wa.gov/ecy/publications/summarypages/0803018.html
https://fortress.wa.gov/ecy/publications/summarypages/99327.html
http://www.ecy.wa.gov/programs/eap/quality.html
https://fortress.wa.gov/ecy/publications/SummaryPages/96311.html
http://www.itrcweb.org/ism-1/references/unified-guid.pdf
https://fortress.wa.gov/ecy/publications/SummaryPages/1403047.html

Ward, M.H., B.A. Kilfoy, P.J. Weyer, K.E. Anderson, A.R. Folsom, and J.R. Cerhan, 2010.
Nitrate intake and the risk of thyroid cancer and thyroid disease. Epidemiology, Volume 21,
p. 389-395.

Ward, M.H., T.M. de Kok, P. Levallois, J. Brender, G. Gulis, B.T. Nolan, and J. Van Dersclice,
2005. Workgroup report: Drinking-water nitrate and health-recent findings and research needs.
Environmental Health Perspectives. Volume 113, Number 11, p. 1607-1614.

Washington State Department of Agriculture, 2017. Agricultural land use data.
http://agr.wa.gov/pestfert/natresources/aglanduse.aspx

Wick K., Heumesser C., and Schmid E., 2012. Groundwater nitrate contamination: factors and
indicators. Journal of Environmental Management. VVolume 111, p. 178-186.

Page 47


http://agr.wa.gov/pestfert/natresources/aglanduse.aspx

Appendices

Page 48



Appendix A. Well construction information from drilling logs

Additional details for each well are available in the EIM database: http://www.ecy.wa.qgov/eim/groundwaterInt.htm

Site Latitude Site Longitude Land surface Completion Drawdown Static water Distance fromtop of  Length of
(Decimal (Decimal altitude Well Casing type and test method Driller's level from screenoropeninterval screenor

Well Tag Location  degrees degrees Water (feet-- depth diameter open interval Drawdown and duration log driller's to water table perforations
D Local number D NADS3HARN) NADS3HARN) Use' NAVD88) (feet)’ (inches) (feet)’® (feet)'  (hours)® available log (feet)®  (feet)® (feet) Seal material
AGF141 39N/02E-12C1 39212C1 48.8892175  -122.4970834 P 84 37 36 (0] 1 P4 Yes 12 25 27 Concrete
BCS951 39N/03E-17H1 39317H1 48.87019572  -122.4469225 D 99 118 18 P (21-23) A Al Yes flowing NA 2 Bentonite
BCS952  39N/03E-07K2  39307K2 48.88399788 -122.473273 D 86 24 36 P (18-24) Yes 10 8 6 Concrete
BCS953  39N/03E-07H1 39307H1 48.88593598  -122.4664953 D 89 29 6 S (24-29) Yes 10 14 5 Bentonite
BCS954 39N/02E-12K2  39212K2 48.8822871 -122.495604 D 86 20 12 P (19.5-20.0) 1 P1 Yes 5 14.5 15 Concrete
BCS955 39N/02E-15J1 392151 48.86915645  -122.5346919 D 67 22 12 P (21.5-22.0) 5 B4 Yes 10 11.5 0.5 Concrete
BCS956 39N/02E-21H1 39221H1 48.85789579  -122.5538999 D 67 29 6 S (24-29) 8 B1 Yes 8 16 5 Bentonite
BCS957 40N/02E-11P1 40211P1 48.96708772  -122.5215007 D 111 31 8 S (21-31) 7 Al Yes 5 16 10 Bentonite
BCS958 40N/02E-23A3 40223A3 48.94682067  -122.5133205 D 94 23 6 P (18-23) 2 P4 Yes 3 15 5 Bentonite & cement
BCS959 40N/02E-26B1 40226B1 48.93368898  -122.5161679 D 84 34 36 (0] Yes 16 18 Concrete
BCS960 40N/02E-26D2 40226D2 48.93241888 -122.524424 D 75 15R No 5 No log
BCS961 40N/02E-21J5 402215 48.94233000 -122.55557 D 89 17 18 No 7 No log
BCS962 40N/02E-14P1 40214P1 48.95154878  -122.5205087 D 98 43 36 S (29-39) 6 P1 Yes 22 7 10 Bentonite
BCS963 40N/02E-22D1 40222D1 48.94972619  -122.5479615 D 9% 18 No No log
BCS964 40N/03E-05N3  40305N3 48.97979626 -122.459263 D 130 29 36 o Yes 6 23 10.3 Concrete
BCS965 40N/03E-08P1 40308P1 48.96550568  -122.4557403 D 117 15R 36 o] No 5 No log
BCS966 40N/03E-31P3  40331P3 48.90690342  -122.4758653 D 83 36 18 P (30-36) 4 P2 Yes 24 6 6 Concrete
BCS967 40N/03E-31L1 40331L1 48.91228517  -122.4787826 D 70 30 18 P (24-30) Yes 14 6 Concrete
BCS968 40N/03E-10F1 40310F1 48.97739921  -122.4078477 D 136 21 36 P (6-21) Yes 0 15 Concrete
BCS969 40N/02E-27C1 40227C1 48.93517030 -122.542019 D 78 32R 18 No 22 No log
BCS970 41N/03E-33M1 41333M1 49.00092099  -122.4403481 D 150 43 6 S (38-43) 3 B1 Yes 17 21 5 Bentonite
BCS971 41N/03E-34E1 '41334E1 49.00199364  -122.4182973 D 150 20 36 P (12-20) Yes 4 8 8 Concrete
BCS972 40N/03E-03B1 40303B1 48.99214286  -122.4066568 D 136 29 6 S (24-29) Yes 10 19 5 Bentonite
BCS973 40N/O3E-15L1 40315L1 48.95604514  -122.4100942 D 103 20R No 10 No log
ABO112 41N/04E-31Q1 N41431Q1 48.99358178  -122.3353541 D 170 50 6 S (42-50) 8 B4 Yes 36 6 8 Bentonite
AGT433 40N/03E-03Q1 N41431Q1 48.98015933 -122.406256 D 138 30 6 o] 2 B4 Yes 8 22 Bentonite

39N/03E-08F2  39308F2 48.88459809  -122.4563028 D 90 20 12 P (19.5-20.0) 1 P4 Yes 7 12.5 0.5 Concrete

40N/03E-07H1  40307H1 48.97588306  -122.4636143 D 123 21 36 (0] 7 Bl Yes 4 17 Concrete

1 P-Public water supply, D-Private domestic water supply, I-Irrigation
2 R-Reported well depth, no driller's log available

3 P-Casing with perforations, O-Open ended casing, S-Well screen
*A-Artesion

® p-Pumped, B-Bailer test, A-Air test

6Depth relative to land surface

" Based on drilling log
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Appendix B. Water quality results

Field Measurements Lab Results
o el Sample | 1 H Dissolved Nitrit
Location Tag Date emper- P Conductivity 1SS0V | A mmonia- T e Chloride Bromide
ID D ature (Standard i) Oxygen N (mg/L) Nitrate-N o (mg/L)
() Units) (mg/L) (mg/L)

41431Q1 | ABO112 | 4/1/2009 9.7 13.8 10.1 02| U
41431Q1 | ABO112 | 3/4/2010 9.9 7.50 | J 215 | J 104 | J 7.07 02| U
41431Q1 | ABO112 | 3/30/2011 10.1 5.96 | J 231 | ) 8.96 | J 12.6 7.09 02| U
41431Q1 | ABO112 | 3/7/2012 9.0 573 | 222 | ) 5.96 | J 8.66 10.1 0.025 | U
41431Q1 | ABO112 | 3/19/2013 9.12 4,88 | J 7.66 | J 8.52 9.50 0.025 | U
41431Q1 | ABO112 | 3/17/2015 17.0 6.01 176 9.83 0.01|U 8.06 2.27 0.025 | U
41431Q1 | ABO112 | 3/22/2016 17.0 6.19 222 7.48 0.01|U 4.55 7.96 0.03
39212C1 | AGF141 | 3/18/2009 12.3 5.81 |J 5.25 | J 9.19 15.9 0.2 | U
39212C1 | AGF141 3/3/2010 12.3 6.42 | J 249 | ) 5.03 | J 12.1 14.9 0.2 | U
39212C1 | AGF141 | 3/30/2011 11.6 6.01 | J 209 | J 6.95 | J 8.76 11.2 0.2 | U
39212C1 | AGF141 3/8/2012 11.8 5.56 | J 210 | J 6.77 | J 8.71 11.8 0.047
39212C1 | AGF141 | 3/22/2013 11.6 5.63 |J 7.11 | ) 8.85 11.3 0.03
39212C1 | AGF141 | 5/14/2014 12.1 6.54 202 9.95 11.3 0.025
39212C1 | AGF141 | 3/16/2015 12.4 5.99 240 4.98 0.01|U 11.3 15.2 0.025
39212C1 | AGF141 | 3/23/2016 12.5 6.09 187 5.55 0.01|U 9.20 10.2 0.042
39317H1 | BCS951 | 3/18/2009 13.3 6.08 | J 167 | J 5.02 |J 7.25 10.2 02| U
39317H1 | BCS951 3/3/2010 10.6 6.09 | J 209 | J 3.18 | J 7.48 10.3 02| U
39317H1 | BCS951 | 3/30/2011 10.7 6.04 | J 206 | J 7.84 8.01 02| U
39317H1 | BCS951 3/8/2012 9.7 573 | 186 | J 3.80 | J 6.62 5.62 0.025 | U
39317H1 | BCS951 | 3/20/2013 10.2 4,96 | J 3.23 | J 7.44 7.06 0.025 | U
39317H1 | BCS951 | 5/14/2014 12.0 6.38 194 7.34 5.93 0.025 | U
39317H1 | BCS951 | 3/16/2015 11.2 6.16 178 3.41 0.01|U 8.81 5.00 0.025 | U
39317H1 | BCS951 | 3/23/2016 11.1 6.19 169 3.34 0.01|U 6.99 5.06 0.025 | U
39307K2 | BCS952 | 3/18/2009 12.1 6.58 | J 269 | J 5.80 | J 12.9 6.68 02| U
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Field Measurements

Lab Results

EIM Well Sample T - H Dissolved Nitrit
Location Tag Bl emper P Conductivity 1550V | A mmonia- i e Chloride Bromide
ID D ature (Stan.dard i) Oxygen N (mg/L) Nitrate-N o (mg/L)
() Units) (mg/L) (mg/L)

39307K2 | BCS952 | 3/24/2010 10.5 537 1|J 282 | J 13.0 6.68 02| U
39307K2 | BCS952 | 3/30/2011 10.3 6.31|J 273 | J 6.78 | J 11.2 7.05 02| U
39307K2 | BCS952 3/8/2012 10.2 5.88 | J 313 | J 592 |J 14.2 8.39 02| U
39307H1 | BCS953 | 3/18/2009 114 6.21 | J 6.67 | J 27.3 3.76 02| U
39307H1 | BCS953 3/3/2010 10.2 395 |J 6.92 | J 23.5 4.02 02| U
39307H1 | BCS953 | 3/30/2011 10.3 6.44 | J 368 | J 8.10 | J 24.5 3.91 02| U
39307H1 | BCS953 3/8/2012 10.3 6.12 | J 368 | J 743 | 22.6 3.73 0.03
39307H1 | BCS953 | 3/22/2013 9.68 7.27 | ) 22.9 3.76 0.027
39307H1 | BCS953 | 5/14/2014 10.7 6.85 370 16.6 3.34 0.025
39307H1 | BCS953 | 3/16/2015 10.6 6.55 345 7.82 0.01 23.3 2.80 0.025 | U
39307H1 | BCS953 | 3/23/2016 10.7 6.57 349 6.15 0.01| U 24.0 3.00 0.03
39212K2 | BCS954 | 3/18/2009 10.4 6.25 | J 8.66 2.07 2.21 02| U
39212K2 | BCS954 3/4/2010 9.70 6.36 | J 72 | J 9.98 2.27 1.88 02| U
39212K2 | BCS954 | 3/31/2011 9.66 6.43 | J 80 |J 1.77 1.94 02| U
39212K2 | BCS954 3/8/2012 9.5 6.09 | J 61| 1.37 1.07 0.025 | U
39212K2 | BCS954 | 5/14/2014 10.5 6.75 76 2.17 1.68 0.025 | U
39212K2 | BCS954 | 3/16/2015 10.8 6.52 76 9.03 0.01| U 2.47 1.36 0.025 | U
39212K2 | BCS954 | 3/23/2016 10.2 6.58 68 8.71 0.01| U 2.13 1.52 0.025 | U
39215J1 BCS955 | 3/18/2009 104 6.49 | J 5.08 | J 2.18 3.77 02| U
39215J1 BCS955 | 3/24/2010 10.1 5.011J 124 | ) 2.80 4.96 02| U
39215)1 BCS955 | 3/31/2011 10.2 6.3 1) 128 | J 6.78 | J 2.58 6.96 02| U
39215)1 BCS955 3/8/2012 10.2 592 1) 151 | J 564 |) 4.35 8.80 0.025 | U
39215)1 BCS955 | 3/16/2015 10.8 6.28 118 4.87 0.01| U 3.04 2.96 0.025 | U
39215)1 BCS955 | 3/23/2016 10.7 6.37 118 5.35 0.01| U 2.79 4.10 0.025 | U
39221H1 | BCS956 | 3/18/2009 10.1 6.42 | J 141 | J 7.17 | J 3.38 6.98 02| U
39221H1 | BCS956 3/3/2010 10.1 8.27 | J 165 | J 6.43 | J 4.08 7.14 02| U
39221H1 | BCS956 | 3/31/2011 10.1 6.34 | J 152 | J 7.61 ) 2.80 6.66 02| U
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Field Measurements

Lab Results

EIM Well Sample T - H Dissolved Nitrit
Location Tag Bl emper P Conductivity 1550V | A mmonia- i e Chloride Bromide
ID D ature (Standard i) Oxygen N (mg/L) Nitrate-N o (mg/L)
() Units) (mg/L) (mg/L)

39221H1 | BCS956 3/8/2012 10.0 6.03 | J 159 | J 7.09 | J 341 7.6 0.025 | U
39221H1 | BCS956 | 3/22/2013 9.87 539 |J 2.37 5.38 0.025 | U
39221H1 | BCS956 | 3/16/2015 104 6.33 160 7.06 0.01| U 3.87 6.64 0.025 | U
39221H1 | BCS956 | 3/23/2016 104 6.44 139 5.77 0.01| U 2.86 4,51 0.025 | U
40211P1 | BCS957 | 3/19/2009 9.1 6.43 318 | J 0.956 14.2 02| U
40211P1 | BCS957 3/4/2010 9.4 6.52 271 | ) 3.96 | J 3.97 13.1 02| U
40211P1 | BCS957 3/8/2012 7.81 1.94 0.025 | U
40211P1 | BCS957 | 3/22/2013 7.7 5.05|J 6.37 | J 6.31 2.36 0.025 | U
40223A3 | BCS958 | 3/19/2009 8.7 581 |J 81 |J 6.56 | J 2.43 2.54 02| U
40223A3 | BCS958 3/4/2010 9.6 7.26 | J 82 |J 7.78 | J 1.36 3.46 02| U
40223A3 | BCS958 | 3/31/2011 9.2 577 | ) 70 | J 9.86 | J 2.77 2.30 0.025 | U
40223A3 | BCS958 3/8/2012 9.6 539 |J 106 | J 7.27 | J 4.83 3.98 0.025 | U
40223A3 | BCS958 | 3/22/2013 10.2 6.16 | J 511 | 4.55 4.52 0.025 | U
40223A3 | BCS958 | 3/21/2016 9.7 5.85 65 6.87 0.01| U 1.53 1.74 0.032
40226B1 | BCS959 | 3/19/2009 11.1 6.21 | J 186 | J 354 ) 541 7.08 02| U
40226B1 | BCS959 3/4/2010 11.3 6.96 | J 173 | ) 3.82 ) 4.70 6.78 02| U
40226B1 | BCS959 | 3/31/2011 11.3 6.2 ) 154 | ) 6.19 | J 4.03 5.21 02| U
40226B1 | BCS959 3/8/2012 11.2 59 1) 168 | J 453 | 5.77 6.13 0.025 | U
40226B1 | BCS959 | 3/22/2013 11.2 521 5.93 5.06 0.026
40226B1 | BCS959 | 5/12/2014 11.9 5.82 193 7.01 6.12 0.025 | U
40226B1 | BCS959 | 3/18/2015 11.9 5.82 193 4.14 0.01| U 5.75 3.51 0.025 | U
40226B1 | BCS959 | 3/21/2016 11.8 6.23 171 4.24 0.01| U 6.65 5.23 0.033
40226D2 | BCS960 | 3/19/2009 9.3 594 ) 243 | J 8.12 | 15.5 5.04 02| U
40226D2 | BCS960 3/4/2010 10.1 6.24 | J 228 | J 8.97 | J 14.2 5.98 02| U
40226D2 | BCS960 | 3/31/2011 9.54 5.89 |J 203 | J 11.0 3.37 02| U
40226D2 | BCS960 | 3/18/2015 10.9 5.91 202 9.56 0.01| U 11.9 3.34 0.025 | U
40226D2 | BCS960 | 3/21/2016 10.7 5.93 220 8.24 0.01| U 13.2 3.77 0.028
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Field Measurements

Lab Results

EIM Well Sample T - H Dissolved Nitrit
Location Tag Bl emper P Conductivity 1550V | A mmonia- i e Chloride Bromide
ID D ature (Standard i) Oxygen N (mg/L) Nitrate-N o (mg/L)
() Units) (mg/L) (mg/L)

40221J5 BCS961 | 3/19/2009 8.0 591 ) 133 | ) 6.63 | J 4.85 6.04 02| U
40221J5 BCS961 3/4/2010 10.3 6.34 | J 135 | J 443 |) 7.88 6.75 02| U
40221J5 BCS961 | 3/31/2011 8.2 7.65 | 148 | J 7.65 | 8.37 6.46 02| U
40221J5 BCS961 3/8/2012 8.7 531 1) 139 | J 6.87 | J 5.72 7.25 0.025 | U
40221J5 BCS961 | 3/20/2013 8.5 5.07 | J 6.11 | J 1.84 5.43 0.025 | U
40221J5 BCS961 | 5/12/2014 9.2 5.22 109 4.98 8.38 0.025 | U
40221J5 BCS961 | 3/18/2015 9.8 6.19 145 7.83 0.01| U 431 7.85 0.025 | U
40221J5 BCS961 | 3/21/2016 9.9 5.86 127 5.06 0.01| U 2.25 7.20 0.025 | U
40214P1 | BCS962 | 3/19/2009 9.9 7.04 | 357 | J 9.88 | J 16.1 18.1 2.13
40214P1 | BCS962 | 3/24/2010 10 492 | ) 397 | J 14.9 23.0 2.61
40214P1 | BCS962 | 3/31/2011 10.3 6.05 | J 370 | J 10.0 | J 17.3 13.5 1.17
40214P1 | BCS962 3/8/2012 9.18 543 | 373 | J 873 | 25.3 6.33 0.418
40214P1 | BCS962 | 3/22/2013 9.39 5.56 | J 9.37 | J 16 4.83 0.134
40214P1 | BCS962 | 5/12/2014 11.1 5.54 310 25.1 6.14 0.137
40214P1 | BCS962 | 3/18/2015 104 6.16 266 8.33 0.01| U 12.7 4.95 0.066
40214P1 | BCS962 | 3/21/2016 10.6 5.99 254 7.35 0.01| U 9.76 4.34 0.066
40222D1 | BCS963 | 3/19/2009 9.7 59 1) 216 | J 4.16 | J 5.52 8.44 02| U
40222D1 | BCS963 | 3/24/2010 104 476 | J 449 | ) 7.36 13.8 02| U
40222D1 | BCS963 | 3/31/2011 10.1 5.86 | J 252 | 6.28 | J 6.62 12.0 02| U
40222D1 | BCS963 3/8/2012 10.1 544 | ) 241 | ) 433 | 6.19 11.7 0.025 | U
40222D1 | BCS963 | 3/20/2013 10.2 6.16 | J 511 1) 2.36 7.74 0.026
40222D1 | BCS963 | 5/13/2014 11.5 5.69 208 2.66 8.00 0.025 | U
40222D1 | BCS963 | 3/17/2015 11.1 6.22 182 5.57 0.01| U 1.68 10.3 0.025 | U
40222D1 | BCS963 | 3/21/2016 11.2 5.96 248 4.99 0.01| U 4.35 5.85 0.027
40305N3 | BCS964 | 3/19/2009 9.0 582 | 422 | J 6.36 | J 23.7 23.1 02| U
40305N3 | BCS964 3/4/2010 9.5 7.45 | 276 | J 553 ) 12.8 15.2 02| U
40305N3 | BCS964 | 3/31/2011 9.3 588 |J 232 | J 6.77 | J 5.64 8.75 02| U
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Field Measurements

Lab Results

EIM Well Sample T - H Dissolved Nitrit
Location Tag Bl emper P Conductivity 1550V | A mmonia- i e Chloride Bromide
ID D ature (Standard i) Oxygen N (mg/L) Nitrate-N o (mg/L)
() Units) (mg/L) (mg/L)

40305N3 | BCS964 3/7/2012 9.3 564 | 211 | J 592 |J 4.45 7.12 0.038
40305N3 | BCS964 | 3/22/2013 9.18 4.27 | J 2.30 3.84 0.025 | U
40305N3 | BCS964 | 3/18/2015 104 6.12 212 5.29 0.046 5.31 7.01 0.037
40305N3 | BCS964 | 3/22/2016 10.6 5.91 279 3.63 0.041 9.05 133 0.037
40308P1 | BCS965 | 3/19/2009 9.7 5.88 | J 441 | ) 14.2 24.9 02| U
40308P1 | BCS965 | 3/24/2010 10.9 472 | ) 288 | J 2.27 | J 12.1 25.3 02| U
40308P1 | BCS965 | 3/31/2011 10.2 582 | 432 | J 0.66 | J 12.6 33.6 02| U
40308P1 | BCS965 3/7/2012 9.8 539 |J 476 | J 1.45 | J 10.2 38.3 0.025 | U
40308P1 | BCS965 | 3/20/2013 10.1 588 |J J 257 | 6.77 27.8 0.025 | U
40308P1 | BCS965 | 5/13/2014 12.0 5.58 503 11.8 43.7 0.037
40308P1 | BCS965 | 3/17/2015 10.5 6.01 583 0.78 0.155 21.7 53.5 0.057
40331P3 | BCS966 | 3/20/2009 11.0 6.27 | J 249 | J 5.50 | J 5.18 6.98 02| U
40331P3 | BCS966 3/3/2010 10.9 6.42 | J 243 | J 6.62 | J 8.23 9.95 02| U
40331P3 | BCS966 | 3/30/2011 11.2 6.1 ) 200 | J 7.28 | J 421 6.9 02| U
40331P3 | BCS966 3/8/2012 11.2 5.78 | J 241 6.32 | J 8.1 8.75 0.025 | U
40331P3 | BCS966 | 3/22/2013 10.9 4.46 | J 7.58 | J 7.15 7.38 0.025 | U
40331P3 | BCS966 | 5/13/2014 114 5.96 209 4.28 7.79 0.025 | U
40331P3 | BCS966 | 3/18/2015 11.2 6.32 212 5.91 0.01| U 6.93 5.16 0.025 | U
40331P3 | BCS966 | 3/24/2016 11.2 6.39 204 3.60 0.01| U 7.99 4.79 0.025 | U
40331L1 | BCS967 | 3/20/2009 9.6 6.97 | J 212 | ) 5.00 | J 8.49 7.73 02| U
40331L1 | BCS967 3/3/2010 9.7 6.97 | J 193 | J 3.28 | J 5.35 9.05 02| U
40331L1 | BCS967 | 3/30/2011 9.8 6.64 | J 173 | ) 568 |J 5.85 6.38 02| U
40331L1 | BCS967 3/8/2012 9.7 6.33 |J 185 | J 3.74 | J 5.8 5.98 0.025 | U
40331L1 | BCS967 | 3/20/2013 9.7 582 1) 3.80|J 5.21 6.35 0.025 | U
40331L1 | BCS967 | 5/13/2014 9.8 6.23 155 4.18 5.43 0.025 | U
40331L1 | BCS967 | 3/18/2015 9.9 6.67 152 5.56 0.01| U 4.5 5.86 0.025 | U
40331L1 | BCS967 | 3/24/2016 10.0 6.62 168 2.87 0.01| U 5.51 8.23 0.025 | U
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Field Measurements

Lab Results

EIM Well Sample T - H Dissolved Nitrit
Location Tag Bl emper P Conductivity 1550V | A mmonia- i e Chloride Bromide

ID D ature (Standard i) Oxygen N (mg/L) Nitrate-N o (mg/L)

() Units) (mg/L) (mg/L)

40310F1 | BCS968 | 3/20/2009 9.6 6.52 | J 239 | J 134 6.46 02| U
40310F1 | BCS968 3/4/2010 9.7 6.49 | J 258 | J 9.10 | J 16.5 7.87 02| U
40310F1 | BCS968 | 3/31/2011 9.6 6.05 | J 240 | J 103 | J 139 7.02 02| U
40310F1 | BCS968 3/7/2012 9.7 575 |J 248 | J 8.47 | ) 13.5 5.39 0.041
40310F1 | BCS968 | 5/13/2014 10.9 5.79 206 11.1 433 0.028
40310F1 | BCS968 | 3/17/2015 11.6 6.09 201 9.64 0.01| U 10.1 4.99 0.025 | U
40310F1 | BCS968 | 3/22/2016 10.8 5.96 328 8.51 0.01| U 28.4 7.73 0.038
40227C1 | BCS969 4/1/2009 10.0 8.52 | 5.63 9.96 02| U
40227C1 | BCS969 3/3/2010 11.2 206 | J 7.76 | J 6.22 8.71 02| U
40227C1 | BCS969 | 3/30/2011 10.8 597 | 246 | J 6.82 |J 6.02 9.5 2.98
40227C1 | BCS969 3/8/2012 11.5 7.04 1.242
40227C1 | BCS969 | 3/20/2013 8.28 8.21 0.483
40227C1 | BCS969 | 5/13/2014 4.42 5.99 0.309
40227C1 | BCS969 | 3/18/2015 11.0 5.94 261 7.05 0.01| U 10.9 9.54 0.126
40227C1 | BCS969 | 3/21/2016 10.9 5.92 280 4.39 0.01| U 14.4 10.5 0.179
41333M1 | BCS970 4/1/2009 104 8.54 | ) 12.6 7.16 02| U
41333M1 | BCS970 3/4/2010 10.9 7.03 |J 307 | J 6.00 | J 14.7 8.24 02| U
41333M1 | BCS970 | 3/31/2011 10.5 6.10 | J 307 | J 7.82 | 17.7 6.81 02| U
41333M1 | BCS970 3/7/2012 10.6 5.77 | J 296 | J 8.02 | J 12.5 6.96 0.025 | U
41333M1 | BCS970 | 3/19/2013 10.1 731 1) 6.60 | J 9.08 5.76 0.039
41333M1 | BCS970 | 5/13/2014 11.1 5.85 216 8.06 5.04 0.034
41333M1 | BCS970 | 3/17/2015 11.1 6.15 236 5.08 0.01| U 9.47 6.31 0.030
41333M1 | BCS970 | 3/22/2016 11.3 6.16 239 6.46 0.01| U 6.91 5.89 0.039
41334E1 | BCS971 4/1/2009 9.3 9.41 9.68 02| U
41334E1 | BCS971 3/4/2010 10.6 6.20 | J 192 | J 7.17 | ) 8.55 12.8 02| U
41334E1 | BCS971 | 3/31/2011 104 5751 200 | J 851 1) 10.8 8.05 02| U
41334E1 | BCS971 | 3/22/2013 8.9 451 |) 7.52 7.49 0.025 | U
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Field Measurements Lab Results

EIM Well Sample T - H Dissolved Nitrit
Location Tag Bl emper P Conductivity 1550V | A mmonia- i e Chloride Bromide

ID D ature (Standard i) Oxygen N (mg/L) Nitrate-N o (mg/L)

() Units) (mg/L) (mg/L)

40303B1 | BCS972 4/1/2009 9.9 8.82 12.5 02| U
40303B1 | BCS972 3/4/2010 9.8 6.39 | J 204 | ) 7.30 | J 9.12 14.2 02| U
40303B1 | BCS972 | 3/31/2011 10.6 592 |J 249 | J 9.10 | J 13.7 13.7 0.2 | U
40303B1 | BCS972 3/7/2012 9.3 5.66 | J 197 | J 7.49 | ) 7.96 11.1 0.025 | U
40303B1 | BCS972 | 3/22/2013 9.9 3.99 | J 8.44 9.23 0.025 | U
40303B1 | BCS972 | 5/13/2014 10.2 5.80 192 8.77 9.71 0.025 | U
40303B1 | BCS972 | 3/17/2015 10.8 6.03 194 8.41 0.01 |U 9.16 7.52 0.025 | U
40303B1 | BCS972 | 3/22/2016 11.3 5.97 204 6.61 0.01 |U 9.92 13.1 0.036
40315L1 | BCS973 4/1/2009 13.2 11.9 6.64 02| U
40315L1 | BCS973 | 3/24/2010 16.5 531 1|1J 14.2 6.93 02| U
40315L1 | BCS973 | 3/31/2011 11.3 6.16 | J 223 | ) 9.83 6.05 02| U
40315L1 | BCS973 3/7/2012 11.9 7.11 0.042
40315L1 | BCS973 | 3/22/2013 10.5 6.03 0.027
40315L1 | BCS973 | 5/13/2014 11.1 5.73 221 10.7 5.97 0.032
40315L1 | BCS973 | 3/16/2015 10.6 6.03 210 9.75 0.01|U 9.85 5.51 0.025 | U
40315L1 | BCS973 | 3/24/2016 10.7 6.08 202 8.19 0.01|U 11.4 5.69 0.036
39308F2 3/23/2016 10.5 6.03 202 8.41 0.01| U 7.53 4.37 0.025 | U
40307H1 3/17/2015 10.4 5.98 293 0.00
40307H1 3/22/2016 10.7 5.79 293 1.37
40303Q1 | AGT433 | 3/22/2016 11.2 6.14 257 7.65 0.014 6.32 4.2 0.038

J: the analyte was positively identified; the reported result is an estimate
U: the analyte was not detected at or above the reported value

Page 56




Appendix C. Quality assurance results

Field meter calibration and verification

A Hydrolab MS-5 mini-sonde for measuring temperature, pH, conductivity, and dissolved
oxygen was calibrated before each field event and post-calibrated at the end of the event per SOP
EAPO033 (Swanson, 2007). Calibration results were recorded only during 2014-2016.

Fresh commercially-prepared buffer solutions and reference standards were used to calibrate the
mini-sonde for pH and specific conductance. The dissolved oxygen sensor was calibrated
against theoretical water-saturated air using the manufacturer-supplied calibration chamber. The
initial pH and specific conductance calibrations were checked by placing the probes in pH buffer
solutions and reference standards, respectively, and evaluating the difference between the
standard and the meter values (Table C-1). The pH calibration was accepted if the metered
values differed by less than + 0.05 pH units from the buffer value. The specific conductance
calibration was accepted if the meter values deviated by no more than £ 5% from the specific
conductance check standards.

After each sampling event, the mini-sonde was rechecked against reference standards to confirm
it had not drifted unacceptably since the initial calibration. Results were either accepted,
qualified as estimates, or rejected as unusable based on the post-use acceptance criteria listed in
Table C-1.

Field measurements collected before field calibrations were recorded in 2009-2013 and are
flagged as estimates (J). Pre-calibration in 2014 also met acceptance standards; however, post-
calibration was not conducted in 2014. Therefore, field measurements for 2014 are also J-
qualified.

Calibration acceptance standards were met for pH, conductivity, and dissolved oxygen and were
accepted without qualification (Table C-1).

Water quality data

Private drinking water wells were purged and sampled according to SOP EAP096 (Carey, 2016).
Field measurements were made using an in-line flow cell. Samples were collected using
disposable in-line filters as shown in Figure C-1.

Samples were collected in clean bottles supplied by Manchester Environmental Laboratory
(MEL). Pre-acidified bottles were used for nitrate and ammonia samples. Filled sample bottles
were labeled, bagged, and stored in clean, ice-filled coolers until their arrival at MEL for
analysis. Chain-of-custody procedures were followed throughout the project.
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Table C-1. Hydrolab mini-sonde calibration records for 2014-2016.

pH Specific conductance Dissolved oxygen
Deviation Acceptor Deviation Acceptor Deviation Acceptor
Reference =~ Meter from reject |Reference Meter from reject Meter from reject
standard  reading standard calibration| standard = reading standard calibration| reading Saturation saturation calibration
Date Status (pH) (pH)  (pHunits) /result™® | (uS/cm)  (uS/cm) (%) Jresult™? | (mg/L) (%) (%) result™?
5/9/2014 Pre-sampling 7.00 7.00 0.0 Accept 0.0 0.0 0.0 Accept
4.01 4.01 0.0 Accept 1413 1413 0 Accept 8.68 100.0 0.0 Accept
3/12/2015 Pre-Sampling 7.00 7.00 0.0 Accept 0.0 0.0 0.0 Accept 8.60 99.9 0.1 Accept
4.01 4.00 0.01 Accept 100.0 100.9 0.9 Accept
1412 1412 0.0 Accept
3/20/2015 Post-Sampling 7.00 7.00 0.0 Accept 0.0 0.0 0.0 Accept 8.81 97.4 2.6 Accept
4.01 4.03 0.02 Accept 100.0 99.3 0.7 Accept
1412 1408 4.0 Accept
3/17/2016 Pre-Sampling 7.00 7.00 0.0 Accept 100.3 100.3 0.0 Accept 8.54 99.9 0.1 Accept
4.01 4.06 0.05 Accept 1413 1406 7.0 Accept
3/28/2016 Post-Sampling 7.00 6.96 0.04 Accept 0.0 0.0 0.0 Accept 8.56 97.0 3.0 Accept
4.01 3.93 0.08 Accept 100.3 99.4 0.9 Accept
1413 1392 21 Accept
*Pre-sampling calibration acceptance criteria %post-sampling acceptance criteria-deviation from check standards
pH pH
Deviation from check standards following initial calibration: Deviation from check standards following post-calibration:
<+ 0.05 pH deviation from all standards = Accept calibration <+0.15 pH deviation from all standards = Accept results
>+ 0.05 pH deviation from any standard = Reject calibration >+0.15 pH and <+ 0.5 pH deviation from any standard = Reject results
+0.5 pH deviation from any standard = Reject results
Specific conductance
<+ 5% deviation from all standards = Accept calibration Specific conductance
>+ 5% deviation from any standard = Reject calibration <+ 5% deviation from all standards = Accept results
>+ 5% and <t 10% deviation from any standard = Qualify results as estimates ("J" code)
Dissolved oxygen >10% deviation from any standard = Reject results
>99.7% saturation and < 100.3% = Accept calibration
<99.7% saturation or > 100.3% = Reject calibration Dissolved oxygen
< #5% saturation =Accept results
>+ 5% saturation and <#* 10% =Qualify results as estimates ("J" code)
>+ 10% = Reject results
HOSEBIB
Vil

Y-SPLITFLOWCONTROLLER

12" to 44" QUICK-CONNECT

=
FITTING
BRASS BARB
T CONNECTORS — 147 SILASTIC
TUBING
4" HDPE TUBING — % /

/ DISCHARGE HOSE

3/8" COMPRESSION-FIT
TO THREAD
TUBING ADAPTER

. 043um
STANDARD IN-LINE
FILTER

Figure C-1. Sample collection using y-split flow controller and disposable 0.45 um in-line filter.
(from Carey, 2016—SOP EAPQ96)
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Table C-2 lists the measurement quality objectives for the study.

Table C-2. Measurement quality objectives.

Field Matrix Matrix
. Laboratory . .
Replicate . spikes spike
Parameter Accuracy . duplicates .
Precision (% RPD) (% recovery | duplicates
(% RPD) ° limits) (RPD)
Field Parameters
Temperature +0.1°C NA NA NA NA
pH +0.15SU 1+ 10% NA NA NA
Specific conductance + 10 uS/cm +10% NA NA NA
Dissolved oxygen +0.2 mg/L +20% NA NA NA
Laboratory Analyses
Nitrate+Nitrite-N +20% 7% +15% 75-125% +20%
Chloride +25% 5% +15% 75-125% +20%
Bromide +25% 5% +15% 75-125% 1+ 20%

RPD = relative percent difference

Laboratory quality assurance

MEL follows strict protocols to ensure and evaluate the quality of analytical results (Ecology,
2008). Instrument calibration was performed by laboratory staff before each analytical run and
checked against verification standards and blank samples. Calibration standards and blanks were
analyzed at a frequency of 10% during the analysis and at the end of the analytical run. The
laboratory also evaluates procedural blanks, spiked samples, and laboratory control samples
(LCS) as additional quality checks. Results of these analyses were summarized in a case
narrative and submitted to the author along with each result package.

The laboratory quality assurance (QA) narrative and supporting data indicate that all samples
arrived at the laboratory in good condition. Table C-3 lists the laboratory QA results. All
samples were processed and analyzed within acceptable holding times. Two samples did not
meet the applicable acceptance criteria: the chloride matrix spike analyzed on 4/9/2009, and one
of the bromide lab duplicates on 4/9/2009. All other QA samples met the applicable acceptance
criteria (Table C-2). Chloride samples from the 2009 sampling event that were associated with
the chloride matrix spike sample that did not meet the acceptance standard are qualified as
estimates (J) in Appendix B. Bromide samples associated with the 4/9/2009 sample are
considered acceptable without qualification, because the concentrations were less than 5 times
the reporting limit, the guideline suggested by MEL.

Page 59



Table C-3. Laboratory quality assurance results.

Laboratory
Laboratory .
Duplicate Control Ma‘trlx Blank
Date Parameter Results Samples Spike
(LCS)
mg/L mg/L RPD 90-110% 75-125% mg/L

3/30/2015 | Ammonia-N | 0.010 |U | 0.010 | U NA 102 99 0.010 | U
3/30/2015 0.010 |U | 0.010 | U NA 102 100 0.010 | U
3/30/2016 0.010 |U | 0.010 | U NA 100 96 0.010 | U
3/30/2016 0.010 |U | 0.010 | U NA 99 99 0.010 | U
4/9/2009 Nitrate+ 1.74 1.74 0.03 99 102 0.010 | U
4/9/2009 | Nitrite-N 4.84 4.85 0.20 99 91 0.010 | U
4/9/2009 0.465 0.464 0.07 102 99 0.010 | U
4/9/2009 3.5 3.5 0.06 101 102 0.010 | U
3/15/2010 7.19 7.48 3.95 99 101 0.010 | U
3/15/2010 0.575 0.562 2.29 112 110 0.010 | U
3/26/2010 0.010 |U | 0.010 | U NA 102 95 0.010 | U
4/6/2011 6.09 5.85 4.02 101 89 0.010 | U
4/6/2011 10.6 10.8 1.87 102 92 0.010 | U
4/11/2011 0.757 0.758 0.13 106 95 0.010 | U
3/14/2012 8.27 8.33 0.72 98 94 0.010 | U
3/14/2012 2.45 2.50 2.02 101 94 0.010 | U
3/22/2013 9.11 9.08 0.33 105 93 0.010 | U
3/27/2013 0.035 0.034 2.90 105 105 0.010 | U
3/27/2013 0.111 0.117 5.26 107 107 0.010 | U
5/23/2014 0.189 0.188 0.53 101 91 0.010 | U
5/23/2014 9.95 9.95 0.00 104 94 0.010 | U
3/20/2015 11.2 11.3 0.89 105 92 0.010 | U
3/30/2015 9.47 9.80 3.43 108 90 0.010 | U
4/26/2016 2.12 2.13 0.47 109 95 0.010 | U
4/26/2016 0.038 0.036 5.41 106 103 0.010 | U

U: the analyte was not detected at or above the reported value.
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Table C-3 (continued). Laboratory quality assurance results.

Laboratory
Laboratory .
Duplicate Control Ma‘trlx Blank
Date Parameter Results Samples Spike
(LCS)
mg/L mg/L RPD 90-110% 75-125% mg/L
4/9/2009 Chloride 16.3 14.3 14 96 72 0.10 | U
4/9/2009 77
4/9/2009 5.10 5.09 0.20 96 96 0.10 | U
4/9/2009 96
4/9/2009 9.95 9.96 0.06 97 95 0.10 | U
4/9/2009 98
4/9/2009 9.69 9.68 0.10 97 96 0.10 | U
4/9/2009 93
3/9/2010 10.3 10.3 0.04 102 101 0.10 | U
3/9/2010 106
3/31/2010 6.70 6.71 0.15 99 105 0.10 | U
4/8/2010 213 214 0.47 100 99 0.10 | U
4/5/2011 7.90 8.01 1.38 100 102 0.10 | U
4/5/2011 9.42 9.50 0.85 96 105 0.10 | U
4/6/2011 7.95 8.05 1.25 104 102 0.10 | U
4/6/2011 1.95 1.94 0.51 103 103 0.10 | U
3/28/2012 38.3 38.3 0.00 101 100 0.10 | U
3/28/2012 101
3/28/2012 6.01 5.98 0.50 101 98 0.10 | U
3/28/2012 101
3/25/2013 4.88 4.88 0.02 97 100 0.10 | U
3/25/2013 98
3/26/2013 2.34 2.36 0.85 97 99 0.10 | U
5/23/2014 11.3 11.3 0.20 100 100 0.10 | U
5/23/2014 96
3/23/2015 2.95 2.95 0.00 101 99 0.10 | U
3/23/2015 7.52 7.51 0.13 97
4/4/2016 10.3 10.2 1.00 103 104 0.10 | U
4/4/2016 104

U: the analyte was not detected at or above the reported value.
Gray shading: The result did not meet data quality objectives.
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Table C-3 (continued). Laboratory quality assurance results.

Laboratory
Laboratory .
Duplicate Control Ma‘trlx Blank
Date Parameter Results Samples Spike
(LCS)
mg/L mg/L RPD 90-110% 75-125% mg/L
4/9/2009 Bromide 0.2 U 0.2 u NA 98 102 0.2 u
4/9/2009 102
4/9/2009 0.2 u| 0.27 29.8 99 98 0.2 u
4/9/2009 102
4/9/2009 0.2 u 0.2 u NA 95 100 0.2 u
4/9/2009 99
4/9/2009 97 99 0.2 u
4/9/2009 100
3/9/2010 0.2 U 0.2 u NA 101 106 0.2 u
3/9/2010 107
3/31/2010 0.2 U 0.2 u NA 99 100 0.2 u
3/31/2010 101
4/5/2011 0.2 U 0.2 u NA 100 105 0.2 u
4/5/2011 3.00 2.98 0.67 99 104 0.2 u
4/6/2011 0.2 u 0.2 u NA 104 104 0.2 u
4/6/2011 0.2 u 0.2 u NA 105 104 0.2 u
3/13/2012 0.025 | U | 0.025 | U NA 102 111 0.025 | U
3/13/2012 120
3/13/2012 0.025 | U | 0.025 | U NA 103 114 0.025 | U
3/26/2013 0.050 | U | 0.033 96 100 0.050 | U
3/26/2013 108
3/26/2013 0.050 | U | 0.025 | U | NA 96 111 0.050 | U
5/23/2014 0.050 | U | 0.025 | U NA 102 105 0.050 | U
5/23/2014 109
3/23/2015 0.025 0.025 | U 0.0 96 94 0.025 | U
3/23/2015 91
3/31/2015 0.025 | U | 0.025 | U NA 96 87 0.025 | U
4/4/2016 0.043 0.042 0.5 101 101 0.025 | U
4/4/2016 0.025 | U | 0.025 | U NA 100 0.025 | U

U: the analyte was not detected at or above the reported value.
Gray shading: The result did not meet data quality objectives.
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Field quality assurance

One field transfer blank was collected during each sampling event from 2014 to 2016 by pouring
unfiltered laboratory grade de-ionized water from MEL into sample bottles in the field. An
equipment blank was collected in 2014 from sample tubing after rinsing with MEL de-ionized
water. The field blanks were below detection for all parameters (Table C-4). Field blanks were
not collected prior to 20145,

Table C-4. Results of blind field blank and equipment blank samples.

Field transport blanks

N.Itr.atE+ Chloride | Bromide! Ammonium-
Date Nitrite-N N
mg L'3-N mgL-N | mgLiN mg L'3-N
5/13/2014 <0.010 <0.10 <0.025
3/19/2015 <0.010 <0.10 <0.025 <0.010
3/21/2016 <0.010 <0.10 <0.025 <0.010
Field equipment blank
N.|tr‘ate+ Chloride | Bromide!
Date Nitrite-N
mg/L-N mg/L-N mg/L-N
5/13/2014 <0.010 <0.10 <0.025

! The detection limit decreased from 0.2 to 0.025 mg/L in 2012.

6 Because consistent field methods were used throughout this study, we’ve assumed here that samples collected
before 2014 would also have shown no contamination resulting from the project field procedures.
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All but 2 field duplicates met the project measurement quality objective of +/-15% RPD (relative
percent difference) established for precision (Redding, 2009) (Table C-5). The RPD for nitrate-
N on March 4, 2010 was 25.1%. The results for that date were qualified as estimates (“J coded”)
(Appendix B). The RPD for bromide on March 19, 2013 was 16.7%. However, the bromide
concentrations, 0.033 and 0.039 mg/L, were less than 5 times the method detection limit of 0.025
mg/L. This level of difference is acceptable at such low concentrations (MEL 2008).

Table C-5. Relative percent differences® between blind field duplicate samples.

Nitrate+Nitrite-N Chloride Bromide? Ammonium-N
Date | WellID | mg/L-N | mg/t-N [ RPD mg/L | mg/L | RPD mg/L | mg/t | RPD | mg/tN | mg/l-N | RPD
3/18/2009|BCS953 27.3 28.8 5.35 3.76 3.89 3.40 <0.2 <0.2 NA
3/19/2009|BCS964 23.7 24.1 1.67 23.1 230 7 043 <0.2 <0.2 NA
3/19/2009|BCS960 14.6 14.7 0.68 5.07 5.09 0.39 <0.2 <0.2 NA
4/1/2009|BCS970 11.5 11.9 3.42 7.16 7.16 0.00 <0.2 <0.2 NA
3/3/2010|BCS953 235 23.7 0.85 4.02 4.13 2.70 <0.2 <0.2 NA
3/4/2010|BCS970 12.8 995 " 251 8.24 8.26 0.24 <0.2 <0.2 NA
3/24/2010|BCS965 12.1 12.1 0.00 25.3 25.1 0.79 <0.2 <0.2 NA
3/30/2011|BCS953 24.5 24.5 0.00 3.91 3.87 1.03 <0.2 <0.2 NA
3/30/2011|BCS963 6.62 6.45 2.60 12.0 122 7 165 <0.2 <0.2 NA
3/31/2011|BCS965 12.6 12.5 0.80 33.6 33.4 0.60 <0.2 <0.2 NA
3/7/2012|BCS970 12.5 12.5 0.00 6.96 6.93 0.43 | <0.025  0.029 NA
3/8/2012|BCS954 1.37 1.37 0.00 1.07 1.05 1.89 | <0.025 <0.025 NA
3/8/2012|BCS966 8.10 833 | 280 8.75 8.69 0.60 | <0.025 <0.025 NA
3/19/2013|BCS970 9.08 9.08 0.00 5.76 578 | 035 0.033  0.039 16.7
3/20/2013|BCS961 1.84 1.82 1.09 5.43 5.42 0.18 | <0.025 <0.025 NA
3/22/2013|BCS962 16.0 163 | 186 4.83 4.79 0.83 0122  0.134 9.38
5/13/2014 BCS970 8.06 8.02 0.50 5.04 505 | 0.20 0.034  0.035 2.90
3/17/2015 BCS972 9.16 9.12 0.44 7.52 7.51 0.13 | <0.025 <0.025 NA <0.010 = <0.010 NA
3/18/2015 BCS966 6.93 6.60 4.88 5.16 5.20 0.77 | <0.025  <0.025 NA <0.010 = <0.010 NA
3/21/2016 BCS960 13.1 13.2 0.76 3.77 3.96 4.92 0.028  0.028 0.00 | <0.010 @ <0.010 NA

1RPD = (Difference between Result 1 and Result 2)/(Average of the duplicate results) x 100.
2 The detection limit decreased from 0.2 to 0.025 mg/L in 2012.
Yellow-shaded results did not meet the data quality objective.

Except as noted above, results from the laboratory and field QA reviews indicate that the water
quality data generated during this study are of high quality and can be used as intended without
further qualification.
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Appendix D. Glossary, acronyms, and abbreviations

Glossary

Aquifer: An underground bed of saturated material.

Conductivity: A measure of water’s ability to conduct an electrical current. Conductivity is
related to the concentration and charge of dissolved ions in water.

Dissolved oxygen: A measure of the amount of oxygen dissolved in water.

Groundwater: Subsurface water in the saturated zone that is under pressure that is equal to or
greater than atmospheric pressure.

Maximum Contaminant Level (MCL): A standard that is set by the U.S. Environmental
Protection Agency (EPA) for drinking water quality. An MCL is the legal threshold limit on the
amount of a substance that is allowed in public water systems under the Safe Drinking Water
Act.

Parameter: Water quality constituent being measured (analyte). A physical, chemical, or
biological property whose values determine environmental characteristics or behavior.

pH: A measure of the acidity or alkalinity of water. A low pH value (0 to 7) indicates that an
acidic condition is present, while a high pH (7 to 14) indicates a basic or alkaline condition. A
pH of 7 is considered to be neutral. Since the pH scale is logarithmic, a water sample with a pH
of 8 is ten times more basic than one with a pH of 7.

Recharge (noun): Water entering the saturated zone at the water-table surface over a period of
time, usually from precipitation or irrigation.

Water table: The top of the saturated zone of an unconfined aquifer.

Acronyms and Abbreviations

Ecology Washington State Department of Ecology

EDB Ethylene dibromide

EIM Environmental Information Management database
EPA U.S. Environmental Protection Agency
MCL Maximum contaminant level

MEL Manchester Environmental Laboratory
Nitrate-N Nitrate-nitrogen

QA Quality assurance

QAPP Quiality Assurance Project Plan

RPD Relative percent difference

SBA Sumas-Blaine aquifer

SOP Standard operating procedures

USGS U.S. Geological Survey

Page 65



WAC

Washington Administrative Code

Units of Measurement

°C

ft

km

Ibs

mg

mg/L

mL

S.uU.
umhos/cm
uS/cm

degrees centigrade

feet

kilometer, a unit of length equal to 1,000 meters
pounds

milligram
milligrams per liter (parts per million)
milliliters

standard units
micromhos per centimeter
microsiemens per centimeter, a unit of conductivity
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