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EXECUTIVE SUMMARY

Abstraction of groundwater from a pumping well located beside a stream can result in sourcing of the
pumped water diredy from the stream and consequent depletion of stream discharge. The ability to
accurately estimate stream depletion due to pumping is necessary for water rights management. This
requires an understanding of the hydraulic connectivity between the aquifdrthe stream. In British
Columbia, evaluation of hydraulic connectivity is required for water licensing decisions und&athe
Sustainability ActSensitive streams, as designated under the Water Sustainability Regulation under the
Water Sustainabilitct, are particularly at risk if hydraulically connected to an aquifer from which
groundwater is abstracted.

Themain goalof thismulti-phasestudyis to build an understanding of the interaction between
groundwater and sensitive streams for the purpadedentifying streams that are more vulnerable to
groundwater abstraction. Thetudyis beingcarried out collaboratively between Simon Fraser University
and the Ministry of Forests, Lands$atural Resource Operatio8sRuralDevelopment Phase bf the
study(20152017)consisted of a targeted field study in Langley, B.C. (Union Creek at Steele Park) to
determine the impacts of pumping on aquifsiream interactions in an unconfined aquifer, including
testing various analytical methods fquantifying streamflow depletion from groundwater pumping
(Hall et al. 2017Phase 1 yielded valuable data and provided critical knowledge surrounding how to
conduct a field study to assess hydraulic connectiVitg. study team identified several impravents

to data collection that would achieve even better success in future studies, both at Steele Park and
elsewhere(Hall et al. 2017).

The original intent of thistudywas to undertake a comparison of hydraulic connectivittha
unconfinedHopingtonABAquifer#35 atUnion Creek at Steele ParkLangley, B.Cand a confined

aquifer (provisionally identifiedAldergrove CD #1192 West Creek in Langley, B.GHowever, the

study team determined that Phase 2 should focus on an unconfined aquifalifi¢@nt site, because
unconfined aquifers are in principle more strongly hydraulically connected to surface water, and as such,
are a more critical target for investigation. Tteam identifiedthe AbbotsfordSumas Aquifer #15 at

Otter Park, situated sdh of Steele Park (the site used for Phasilhe Township of Langley, B.C.
Bertrand Creek passes through the park and is easily accessible for deployment of instream
instrumentation, and the drilling site had adequate overhead clearance. In contr&egébe Park, which
provided access to only a short reach of Union Creek with several obstructions that impacted flows (e.g.
upstream by bramble and downstream by a culvert), Bertrand Creek has a longer and straighter reach
through the park. Thus, Otter Bawas considered ideally suited for this study.

Phase 2vas carried out from May 2018 to October 2018 and faad main objectived) Estimaingthe
hydraulic conductivity (K) of the aquifer and streambed sediments using grain size analysis and slug
testing; 2) Estimangthe transmissivity (T), hydraulic conductivity and specific yield (Sy) of the aquifer
from pumping test data; 3) Charactdrig the hydraulic connectivity between the stream and the
aquifer; and 4) Quantifpg streamflow depletion duringpumping and evaluate against a streamflow
depletion model Fourwells were drilled at the site in close proximityBertrand Ceek; one was
completed as a pumping w€PWO01)and the trreeothers as monitoring wellgMW01, MW02 and
MWO03). PW01,MWO01 and MNV02 arescreened from 16-88.3 m, while MWO03 is screened from 27.4
29.0 m. The aquifer is unconfined and comprised of mostly coarse sands and gravel with very few fines.
A deeper confining unit comprised of silt and clay was intersected by MWO03 fronta33656 m. The
confining unit is at least 6.01 m thick.

The site was instrumented with five hydrometric stations (HS1, HS2, HS3, HS4 and HS5). HS3 is located
in-line with the pumping wellHS1, the furthest upstream, is ~150 m upstream of HS3:-40dm
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2dziaA RS 27T ( KBS2lgdlodaled-#0 nd BsirgaRMBISEHSY 20 m downstream of

HS3, and HS54475 m downstream of HS3 along the western park boundgmg. hydrometric stations
were equipped withpressure transducedataloggers to measure stage at-frbnute intervals.

Streamflow measurements were made periodically from May to October 2@@8ised to construct a
rating curve for each hydrometric statiofhe accuracy of the rating curve diminished during the
summer low flow period due to difficulties in measuring flow accurately, growth of instream vegetation
and beaver activity.

Ten pairs ohestedpiezometers were installed in Bertrand CreElach pieameter nest had a longer

and shorter partner with a difference in lengthabproximately32 cm between their screened intervals
(as measured at the migoint of each screen}-our pairs were positioned across the creek, in line with
the pumping well, andive pairs were positioned along the edge of the creek (one additional pair was
installed for redundancy anone single piezometer was installed on the creek paRkessure

transducer dataloggers were deployed to measure water levels at varying sanmpéingals (non

pumping conditions and pumping conditions). Two networks of streambed temperature Tidbit loggers
were also installed. One Tidbit netwanlas installed in May and recorded temperatareourlyat the
streambed surface anat a depth ofapproximately 16 cm A second Tidbit network recorded
temperature every 10 seconds during the pumping tests.

Several methods were used to determine the hydractinductivity(K)of the aquifer and the
streambed sediments at Otter Pai&treambed sediment samples were collected from locations near
each instream piezometer for grain size analyBig different analytical grain size distribution methods
were used toestimatethe minimum and maximum K for each sampBased on th€hapuis (2004)
method, considered the most accurdiar the sediment at this sitethe geometric mean of the
minimum Kvalueswas 6.79x10 m/s and thegeometric mean of thenaximum Kvalueswas 4.75x10
m/s.

Slug tests were carried out in the deep and shallow instream piezometers to estimate K of the
streambed sediments. The BouwRice and Hvorslev methods were used to analyze the data. The
deeper piezometers hadgeomearKlower than that of the shadw piezometers. For the deep
piezometers, the Hvorslev method gavgeomean Kf 1.46x1® m/s and the BouweiRice methodh
geomearkK of 1.39x16 m/s. In the shallower piezometershe Hvorslev method gaveegeomearK of
3.41x10 m/s andthe BouwerRice methoda geomearK of 3.77x10 m/s. The slightly lower K of the

deeper piezometers may reflect retention of fines of the deeper piezometer in the streambed compared
to the shallower piezometers in the streambed.

Grain size analysisas ale carried out foithe aquifer sedimentsollected from PW01 and MWO03. The
geomearK, determined using the Chapuis methaenged from 2.12x10¢ to 1.55x1C m/s for

sediments from PWO01, and from 1.44x10 1.11x1@ m/s for sediments from MWO03ug/bail tests
conducted in monitoring wells MW01 and MWO02 resulted in K values that were about half an order of
magnitude lower than the minimum K calculated by the grain size analysis. The Hvorslev method gave a
geomearkK of 7.62x10 m/s and the BouweRice mehod gave a K of 5.49x10n/s.

Two constantate discharge pumping tests were conducted at the site; the first in July 2018 and the
second in October 2018. The intent was to complete a constdatiest for 72 hours, followed by 24

hours of recovery. Puping test 1 (PT1) was preceded by a step test to determine an appropriate
pumping rate for the constarrate test (287 US gpmPT1 began on July 4 at 10:15 and ended
prematurely on July 5 at 15:15. Unfortunately, two mishaps resulted in a less thamadaaét for the
pumping test. First, the pumping contactor adjusted the flow rate early in the test. This resulted in a
very poor drawdown dataset that was difficult to analyze. Second, Department of Fisheries and Oceans
Canada visited the site during tipeimping test and expressed concern that pumping could have a
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detrimental impact on theritical habitat of the Nooksack Dace within Bertrand Creekticularly at

this time of the year (July). Therefore, the test was voluntarily terminafesecond pumpip test was
conducted in October, outside the low flow season. Pumping test 2 (PT2) began on October 11 at 19:15
and ended on October 14 at 19:15 (72 hours). The well was pumped at a higher rate than used in PT1
(324 US gpmPata collected durin@ T2 were analyzed using the Neuman method for unconfined

aquifers. The recovery data were analyzed using the Theis recovery matgedmearK value of

1.29x10* m/s was estimated with the Neuman method andi@omearK value of 6.51x10m/s was

estimated from the Theis Recovery methddhe Neuman method also provided estimates of

transmissivity (geomean 3.26x£0n%s), specific yieldgeomean2.72x10"), and specific storage
(geomeanl.78x1® m?).

The hydraulic connectivity between the adgrifand the streamimmediately prior to PT2 and during PT2
was investigated using streamflow, vertical hydraulic gradients from the instream nested piezometers,
and streambed temperaturéd similar analysis was carried out by Johnson (2018) forlriter ron-
pumping conditions anduside the low flow period, HS1 (the most upstream) consistently had the
highest dischargédollowed byHS2then HS3 and with similar values #S4 and HS5. The reduction in
streamflow from HS1 to HS5 suggests that Bertran@IlCielosing under natural conditions from
upstream to downstream through the site. The lower magnitude decrease in streamflow from HS4 to
HS5 suggests that there is little to no groundwater contribution (or indeed loss to groundwater) along
this reach Vertical hydraulic gradients at each piezometer pair location were complex both prior to
pumping and during pumpin@verall,the general pattern under nopumping conditiongrior to PT2
wasupward gradients upstream of the center line, mostly upward actiossenter line, and downward
downstream of the center line. This suggests groundwatas contributing to streamflow in the

upstream / center areas, and that the stream is losing downstream of the centeflirgeresults are
somewhat inconsistent withhtose reported by Johnson (2018) prior to PT1. However, the vertical
gradients are influenced by streamflow conditions as well as the water table height in the aquifer, so it is
unsurprising that the vertical gradients in the streambed were both tempoaaity/spatially variable
between May and October.

Immediately pior to P12, streamflow was declining, which made it difficult to determine whether any
streamflow depletion was occurring during pumpiiighe water levels inlbof the individual instream
piezometers immediatey dropped when pumping begaAll piezometers recordedrdwdown until
approximately 24 hours into the pumping test when maximum drawdown was attained. Thereatfter,
until pumpingended the magnitude ofdrawdown reduced anéh factbecame rgative (water levels in
the piezometers were higher than before pumping commenc@dgrall, diring the pumping test, most
piezometers pairs had downward flows. Streambed temperatures also differed noticeakypngEng
during pumpingand during recovey. The streambedtemperatures had awider rangeduring the
pumping test, compared to nepumping conditionsand during recovery the lag between the
temperatures all but disappeared.

Different approaches were used to estimate streamflow depletion including 1) using fluxes across the
streambed based on the measured gradients in the nested instream piezometessng)measured
streamflow, 3) using a streamflow analytical model, and 4) using a numerical groundwater flow model
to simulatePT2 The variability in gaining or losing conditions along the stream made it difficult to
characterize streamflow depletion viitabsolute certainty. Over the 72 hours of pumping duf g,
streamflow depletion estimated from the vertical hydraulic gradients was 151@®mestimate of

actual streamflow depletion of 500%was made using the rate of decline of streamflow over|tst

14.25 hours of the teswVhile this value cannot simply be extrapolated to 72 hounsai likely higher

than 500m?. The Hunt (1999) model estimated streamflow depletion to be approximawspm? over
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the 72 hourssimilar to the valueestimated fom the vertical hydraulic gradienfd510 n¥). A numerical
groundwater flow modebf the PT2estimated streamflow depletion &t576 nfover that last 37 hours
of the pumping simulation. Prior to 37 houthe stream continued to be gaining, with a switgbo
from gaining to losing occurring at 37 hours.

Overall, Phase 2 of the study was highly successful. Comgiresearch at the site in Phase 3 invaee
hydroecological component tdevelop a more comprehensive understanding of the linkdogptaeen
instream flow conditions (streamflow, groundwater exchanges, streambed temperature, streambed
morphology, water chemistry) and aquatic communities (benthic invertebrates and possiblafish).
more indepth analysis of the datasets acquired duritgée 2 undesummer backgroundhpn-

pumping conditionsalongside additional data collected in summer 20&0 be carried out

Finally to further explore and quantify exchanges between the aquifer and Bertrand Creek at a regional
scale,anumericalgroundwater flowmodelof Bertrand Creek Watershdthsbeen developed andvill
be described in a forthcomingport.
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ACRONYMAND NOMENCLATURE

BTOC Below the top of casing
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HSU Hydrostratigraphic unit
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NAVFAC Naval Facilities Engineering Command
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R R statistical software
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1. BACKGROUND

Groundwater is vital for sustaining community economic development and sociabemd (e.g.,

industrial use, agricultural use and municipal and rural uses). Groundwater abstraction, however, can
have detrimental impacts on streamflow in some aqudeeam systems. Many streams are in direct
hydraulic connection with groundwater and demonstrate a direct correlation betvatezantlow and
groundwater level. However, in most studies of hydrologic systems, each system component
(groundwater, surfacevater) is analyzed and/or modeled individually, treating the other interconnected
component as a source or sink. In reality, these components are intricately linked and must be
considered simultaneously. Therefore, we need a better understanding of the fd@sciples of
groundwater and surface water interaction. Specifically, knowledge of the hydraulic connectivity
between aquifers and streams is essential for effective integrated management of water resources.

The overall purpose of Phase 1 of this stuoynducted from 2015 to 2017, was to build an
understanding of the interaction between groundwater and surface water (with a focus on designated
sensitive streams or streams with water allocation restrictions), and to identify streams that might be
similarly impacted by and/or vulnerable to groundwater abstraction.

Phase 1 of thetudyconsisted of a targeted field study in Langley, BJ@ion Creek at Steele Patk)

determine the impacts of pumping on aquifsiream interactionsn an unconfined aquifeincluding

testing various analytical methods for quantifying streamflow depletion from groundwater pumping. A

FAY Lt NS LzsdedsmednyoiiHydiallis Gonrtectivity Related to Groundwater Extraction on

Selected Sensitive Steams: Phase 1 Field igatisté 61 | £ £ SG F f ® Hnothesed LINE OA R
various approaches and provides recommendations for further work that will lead to better tools to

support sciencéased allocation decision makindsé as part of Phase 1, a regional stream

vulneralhlity assessment was carried out to determine the vulnerability of other similar types of stream

FljdzA FSNJ adaidsSya Ay (KS [ 2 ¢ S NSseGdwiendd MydrauliciConSetidity !  FA Y
Related to Groundwater Extraction on Selected Semsitreams: Stream Vulnerability Mapping

(Middleton and Allen 2017) describes the resultad.evel 1 Vulnerability Assessment for 53 aquifer

stream systems in the Lower Fraser Valley, as well as the results of a Level Il Vulnerability Assessment

for 10 aquiferstreamsystemswithin the lower Fraser Valley

1.1 Key Findings from the Phase 1 Field Investigation

Phase 1 of thistudyyielded valuable data and provided critical knowledge surrounding how to conduct
a field study to assess hydraulic connectivitgllowing Phase, the studyteam identifiedseveral
improvements to data collection that woulithieve even better successfuture studies, both at Steele
Park and elsewhere:

1. Monitoring stream stage and groundwater levels at the site for at least one full year prior to and
following the pumping test. This will allow baseline conditions to be firmly understood before
stressinghe aquifer.

2. Measuingstreamflow periodically throughout the year to construct a stream rating curve.
3. Investigaingthe feasibility of installing weirs during low flow conditions.
4. Measuingstreamflow both upgradient and downgradient, outside the zohe@iuence of

pumping, and at consistent times.

5. Measuingstreamflow before pumping begins and conting to measue streamflowfor a
sufficiently long periogfter the pumping test ends to restablish baseline conditions.

6. Carryngout a pumping test diung mid to late-summer, during a period of limited rainfall.
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7. Pumgpngthe aquifer at a slightly higher rate, if possible. This could be accomplished by setting
the pump depth lower in the wedlt Steele Park

8. Obtairing multiple samples of streambed sediments and carry out grain size analysis and/or
carry out pneumatic slug testing to estimate streambed hydraulic conductivity. The streambed
thickness should also be measured at different locations. Together, hydrautioaosity and
streambed thickness will better constrain the leakance parameter in the streamflow depletion
models that include impedance.

1.2 Purpose and Objectives of Study

The overalgoalof this studyis to build an understanding of the interaction betwegtoundwater and
sensitive streams for the purpose of identifying streams that are more vulnerable to groundwater
abstraction.While the original intent of thistudywas to undertake a comparison of hydraulic
connectivity in an unconfinefl.e. Union Crele at Steele Parlgnd a confined aquifeprovisionally
identified as West Creek in Langley,.B.the study team determined that Phase 2 should focus on an
unconfined aquifer at a different site, because unconfined aquifers are in principle more strongly
hydraulically connected to surface water, and as such, are a more critical target for investigation.

The objectives of Phase 2 included:

1. Estimatinghe hydraulicconductivity (Kpf the aquifer and streambed sediments using grain
size analysiandslug testing

2. Estimatinghe transmissivity (Thydraulic conductivitand specificyield (§) of the aquifer
from pumping test data

3. Characterizing the hydraulic connectivity between the stream and the aquifer using field
measurements of water levels, streamfland streambed temperature prior to and during
pumping.

4. Based on field data, quantifying streamflow depletion during pumping, and then evaluating
againstan analyticalstreamflow depletion modehnd a numerical groundwater flow model

These objectives we met through a field investigation that spanned from May 2018 to October 2018,
which partially culminated in a BSc Honotlrssis (Johnson 20)8Johnsonwassupervised by Diana
Allen in the Department of Earth Sciences at Simon Fraser Uniy@Bit))Andrew Garnet (former BSc
student at SFU) developed tipeeliminarynumerical groundwater flow model, and Kira Howe (former
BSc student at SFU) assisted with the analysis of the streambed temperature data.

This report summarizes Phase 2 of the study.

2. THE STUDY SITE

2.1 Field Site Selection

Field site selection was challenging. The original plan was to select a field site underlain by a confined
aquifer, so as to investigate the potential hydraulic connection in a contrasting setting to that used in
Phasel Hall et al2017). Provisionallythe team identified West Creela designated sensitive stream,
situated to the north of Highway 1 the Township ot.angley(TOL) B.C. however, access for drilling

proved toopoor at several sites visited. The team then reconsidered optionddartified Otter Park,

situated south of Steele Pafthe site used for Phase (Higurel). Bertrand Creek passes through the

park and is easily accessible fmployment of instream instrumentation, and the drilling site had

adequate overhead clearance. In contrast to Steele Park, which provided access to only a short reach of
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Union Creek with several obstructions that impacted flows (e.g. upstream by brambldoamstream
by a culvert), Bertrand Creek has a longer andgiitar reach through the park. Thus, Otter Park was
considered ideally suited for this study.
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Figurel: Location oBertrand Creek and the Otter Park study sitthan Township oEangley, BAAIso shown are
points of surface water diversion. The inset map shows the approximate location of the map area in the Lower
Fraser Valley of B.CThe Canad&JSA border is showr the bottom.

2.2 Regional Setting

2.2.1 Climateand Hydrology

The Fraser Valley is located in a temperate rainforest climate region, charadtbsi hot summers,

mild winters, and rain throughout the fall, winter and spring months. Climate normals within theréOL a
not available; therefore, climate normals were obtained for the period spanning-208@ fromthe
Environmentand Climate ChangéanadgECCGQG)limate station at Abbotsford International Airport

(Climate ID: 110030). This climate station is closgstarimity to Otter Park and is ~13 km east of the

site (Figure2). The climate normald-{gure3) indicate that precipitation is highest from October to

March, with November having the highest precipitation average of 248 mm and the lowest average
precipitation in July at 43 mm. The annual average rainfall is @B88Temperatures are highest in the
summer months when precipitation is lowest. August is the hottest month of the year with average daily
maximum temperatures of 24°C, and December is the coldest, with maximum daily temperatures of 6°C.

Otter Park is locged within the Bertrand Creek Watershéligure2), which covers 113 kfover both

Canada and the USBertrand Creek Enhancement Soci@LES)008).The topography is relatively

flat at ~80 masl but is locally hummocky due to previous glaciations (Starzyk PBéBertrand Creek
Watershed is home to several species of fish including Coho salmon, the Nooksack Dace, and the Salish
Sucker, of which thiatter two are endangered (BCES 2008; Pearson 2004).
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Figure2: Location of theDtter Park field site withithe Bertrand Creek watershe@he hydrometric station at the
international border (USGS Station 122123885, ECCC climate stations at the Abbotsford International Airport
(1100030/1100031), and B.C. Provincial Observation Well 301 are shown.

ECCC operates a hydrometric station ontdad Creek (08MH152), which is located along the Canada
USA border approximately 5 km south of the field site. The United States Geological Survey (USGS) also
operates a hydrometric station on Bertrand Creek at the Cat#8lA border (station 12212390

Bertrand Creek at international border). The USGS station is used to represent the discharge in Bertrand
Creek over the period 2062017 because it had the most recent and complete record.

Figure4 shows that discharge in the creek follows the same pattern as precipitation throughout the
seasons. Discharge is highest from November to April, which coincides with the months of highest
precipitation. The discharge in the Band Creek Watershed is flashy as it is heavily influenced by
precipitation. Average monthly discharge is greatest in January and lowest in August. Discharge rates
are considerably lower in June and July, but still retain a moderately flashy disclatieya pAugust

through midOctober have minimal discharge that is less flashy.
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2.2.2 Regional Geology athHydrogeology

The majority of surficial sediments in the Fraser Valley were deposited by glaciers or through glacial
processesThese glacial sediments consist of till -amntact deposits and proglacial deltaic deposits
(Armstrong 1981)Within Otter Pak, Bertrand Creek flows across the Late Wisaoaged Fort Langley
Formation, whickconsists of interbedded, marine, glaciomariaedglacial driftsediments(Armstrong
1981) The interbedding of the fine sand, silt and clayey silt from the marine sedéwith the coarser
sands and gravels from the glacial deposits led to the formation of confined and unconfined aquifers.
Other surficial sediments surrounding Otter Park include the Sumas Drift, also of Late Wisconsin age,
which is comprised of till, gtiaofluvial, glaciolacustrine, and icentact deposits (Armstrong 1981).

The stratigraphy in areas surrounding Otter Park is highly variable based on a review of well logs from BC
GWELLS database. Many of the wells surrounding Otter Park contain daytubat commonly occurs
interstratified with sands and gravel, but ndrtue clays interstratified with sands and gravels are also
common. Wells without clay (or minimal amounts of clay) are present, but uncommon. The variety of
sediments seen in the wdblgs is consistent with the sediment descriptions of Armstrong (1981). Many

of the wells peripheral to the site have an upper confining clay layer, which is not present within Otter
Park itself, as describad Sectior3.5.

Three aquifers have been mappexthe vicinity of Otter Park: the Abbotsfo®lumas Aquifef#15) the
Langley Upland Aquifé#52)and the West of Aldergrove Aquif@33)(Figure5). Both the Abbot®rd-
Sumas Aquifer and the West of Aldergrove Aquifer occur within the field site, and the Langley Upland
Aquifer is directly adjacent to the park. The Abbotst&uimas Aquifer is the only unconfined aquifer of
the three and is the focus of this field studt isa sand and gravel aquifénat extends across

Abbotsford andnto LangleyTownshipas well as south into the United Statasd is classified as having
high productivity and high vulnerability

S
R
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Langle NUpland

(52) <

1228
e el
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Figureb: The threeaquifers in the vicinity of the field sitdbbotsfordSumas (unconfined), West of Aldergrove
(confined) and Langley Upland (confinéid)e field site is indicated with a star. (source: iMapBC).
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Historical groundwater levels for the region were obtaineshi the BC Provincial Observation Well
OW301 (Figure 6). The well is located ~7 km east of Otter Park (see Figure 2) and is screened in
AbbotsfordSumas Aquifer. Groundwater elevation (in metres above sea level; masl) is shown from
October 2007 to Septemb@017. The 1§ear period shows seasonal variability. The lowest
groundwater levels typically occur August through October and the highest levels typically occur in
December through May. Throughout the year, the groundwater levels vary by approximatety 2
between the highest and lowest levels. There is no visible long term increasing or decreasing trend.
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Figure6: Groundwater elevation in BC Observation Well OW301 from October 1, 200Dagdihber 31, 2018

3. FIELD INVESTIG®ON

3.1 Site Description

Otter Park is a relatively small (<0.5%forested park that is primarily used as a day use area for
walking and horseback riding. The area surrounding Otter Park is mostly rural with somecsieall
agricultural use (e.ghobby farms). Otter Park is relatively flat at ~80 masl with approximately 3 m of
relief, with most of the change in elevation occurring as a drop from the main park area down to the
creek itself. Bertrand Creek flows from east to west through the pavierdi south after exiting the park
and flows towards the border into the USigure7).

The stream width varies throughout the site spatially and temporally. Therstigavidest as it first

enters the park from the east and becomes constricted by vegetation and gravel deposits as it flows
through the park, snaking through the rest of the park before exiting the park through a culvert at 248th
street. In May2018 the aeek was ~10 m in width at its widest upstream section. The residents visiting
the park have noted that the stream has more frequently run dry in the last several years. In 2018, the
stream was dry by August 7, leaving only a few small isolated pools.
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Thele are two manholes at Otter Park along 248th Stré&égre7). The first is at the northwest corner
of the park and the second is further south before the stream. Badinholes discharge through a storm
sewer outlet back into Bertrand Creek before the creek flows through the culvert and exits the park.
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Figure?: Otter Park field site showing the locations of the pumping well (PW01) amddhéoring wells (MWO01,
MWO02, and MWO03) along with the site hydrometric stations (HS1, HS2, HS3, HS4, and HS5).

3.2 Wells

One pumping well (PWO01, Well Tag Number: 11493@WELLS) and three monitoring wells (MWOL1,
MWO02, MWO03) were installed at Otter Pafkigure?7). The wells are located along the dirt road within

the park on the terrace north of the creek in the northeast corner of the site. All three monitoring wells
weredrilled using sonic drilling by Blue Max Drilling, and the pumping well was drilled using a dual air
rotary drill by Field Drilling. PWO01 was drilled on March 8, 2018 to a depthfo{Z5.86 m) and is
screened from 5%5ft (16.819.8 m). MWO01 and MWDwere drilled on March 20, 2018 and are both
screened from 5%0ft (16.818.3 m). MWO03 was drilled on March 21, 2018 and is screened fre®5 90

ft (27.429.0 m) (AppendiA. Borehole Logs). Each well (pumping and monitoring) has a top of casing
elevation of 30nches(76.2 cm) above the ground surface. PW01, MWO01, and MWO02 are positioned in a
line perpendicular to Bertrand Creek, and MWO03 is positioned east of the other wells and between
MWO01 and MWO02 forming a triangl&igure7). PWO01 is farthest from Bertrand Creek and MWO02 is the
closest. MWO1 is 7 m from PWO01, MWO02 is 14 m from PWO01, and MWO03 is 10.6 m fromFArRWGL.

14 (shown later) gives a crosgctional view of the wells in relation to the stream. Figure A3 in Appendix
A shows a satellite image of the site, along with nearby water wells relative to PWOL1.

Each wellvas equipped with &olinst Leveloggepfessure transducegiset to record every 15 minutes
under background (nepumping) conditionsLogging intervals were adjusted during each of the two
pumping tests conducted at the sitege Section 4.3 dedicatedbarologger was installed in the
pumping well to record atmospheric pressure variatiols.additional barologger was installed in a tree
near the wells.
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3.3 Streamflow

Five hydrometric stations (HS1, HS2, HS3, HS4, and HS5) were installed at the dieltlajel1l and

12, 2018 Figure7). HS3 is positioned in line with PW01, MWO01, and MW02. HS1 and HS2 are located
upstream of HS3; HS2 is 40 m upstream of HS3 andis®¢a 2y h GG SNJ t F NJ Qa S| ad SN
FAdZNLIKSAG dzZLJAGNBFYZ A& Y9mpn Y dzLJAGNBEFY 2F 1{o0oX IYyR
boundary. HS4 and HS5 are both downstream of HS3. HS4 is approximately 40 m downstream of HS3,

and HS5 is approximdtel75 m downstream of HS3 along the western park boundary. HS1 and HS5

were positioned with the intention of being outside the zone of influence of PW01 during a pumping

test. The hydrometric stations are situated on the southern edge of the creek bddyamre equipped

with HOBO pressure transducer loggers, programmed to record water level every 15 m8aueral

HOBO barologgsrwere available for barometric compensation. Ultimately, the data from a single

barologger (Baro3) were used, but a portiortted data had to be compensated usingealundant
barologgenBarol)due to missing Baro3 data.

Streamflow measurements were made along cresstions approximately 0.5 m upstream of each
hydrometric station Figure8). Two flow meters were used, the FlowTracker and the FlowTracker2 by
SonTek. Flow measurements were made every 0.2 to 0.5 m across the streamStid#mflow was
measuredon approximatelyl1 occasionst each hydrometric station between May and September.
The first set of measurements (~4 at each station) spanned late May to June. The secondis&anygs
July immediately prior to pumping, during pumping and during recofgrgumping tes 1 (PT1) The

third set wasprior to, during andollowingPT2, on Septmber20, Ociober 12 and Oabber 15,
respectively Pumping test ZPT2)started on Oabber11 and ended on Ocber 14.

W AT~ Sasel SNE RS aEe SR

Figure8: Streamflow measurements bgjraken at HS3 in Bertrand Creek on May21 8.
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The streamflow measurements were used to construct specific rating sfoweachcross section so

that streamflow could be estimated from the continuous stage measurements. Construction of the

rating curves proved very challenging. Specifically, during the late summer there was some beaver

activity in Bertrand Creek, and the amount of cangrass increased throughout the summ®everal

streamrating curveswere modeled using aR script (Jon Goetz, personal communicatiaall as
usingExcelcurve fitting functions ¢ KS G o6Sadé NI GAy3 OdzNBSa o6dzaAy3d wo
calculatng streamflow at each hydrometric station, but the discharge resultvaing poor during the

late summer and there is very low confidence in the streamflow during this low flow p@figdre9).

The visible flow in Bertrand Creek at the site was very low in late July to early September, so it is not
surprising that the calculated discharge is extremely lawalresidents have observed that Bertrand

Creek had been runing dry during the summett is noted that neasurements from times deemed

WKAIK Fft26Q 6SNB faz SEOfdzZRSR FNRBY (KS NIXidGay3a O
appropriate for calculating discharge at higher flow rates.
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Figure9: Stream discharge at the five hydrometric stations in Bertrand GreekMay to December 2018
{GNBFYTE26 ol & OFfOdA I GSR dzaAy3d GKS aoSade N¥aGAy3a OdzND
grass growth in the strea over the summer significantly affected the rating curves for the hydrometric stations
(HS)The start and end times f&T1 and PTare shown as red and green vertical lines.

3.4 Instream Piezometers and Temperature Loggers

A network of instream piezometergasinstalled in Bertrand Creek on May 11 and 2Q18 The

piezometers were assembled from 32 cm long sectafris905 cm diameter stainless steel pipe

connected using a pipe coupldfigurel0a). At one end of each piezo, a drive point with a screen
assembly was attached. The screen section consisted of 10 holes evenly spaced along 6 inches of pipe
with wire screening backing the les EigurelOb).
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Figurel0: a) Assembled links of the piezometers before installatipithe screened interval of the piezometers.

Thepiezometers were installed as nested pairs in the creek. Each piezometer nest had a longer and
shorter partner with a difference in length of one pipe section. The longer piezometers had 6 sections
and were 2.046 m long, the shorter piezometers were 5ieastand 1.725 m long. They were installed
to have their tops at an approximately equal level, resulting in a difference of one pipe section (32 cm)
between their screened intervals (as measured at the-padht of each screen).

Ten pairs of piezometersese installed in Bertrand Creek and one single piezometer was installed on
the creek bankKigurell). Five pairs were installed across the creek in line with PWO01, Msvi@il
MWO02. Piezometer pairs D7/DB9/D10, D37/D38, were installed evenly across the width of the
stream. D7/D8 and D37/D38 were installed 2.68 m from the south and north bank, respectively, and
D9/D10 was installed halfway between (i.e. 5.35 m from dzautk).

Legend @ PWO1
Pumping Well [
oMWo1
Monitoring Well L] @MW03 N
Piezometer Pair + ™
Tidbits ® Mwo2
Hydrometric Station N
River Boundary f—
2 —10.0m
_/_/DSM ot B
® D39/D40e ®D23/D24;TB 13/14 _—
®D33/D34; TB 17/18 D37/D38; TB11/12@ D41/D42; ® D43/D44;®  D45/D46;®
D9/D10; TB 9/10@ TB 5/6 TB 3/4 TB1/2 .
[ ]
HS 4 D7/D8;TB 7/80g HS 2
e S Flow Direction

Figurell: Instream piezometers (DX/DX) and temperature TidBit loggers (TB) installed on{¥2y2018
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Two pairs of piezometers were installed at the same location, 30 cm from the edge of the northern bank
(D39/D40 ad D23/D24). The additional pair, D23/D24, was installed to test a different water level
logger (as described below). This pair was of a narrower diameter. The same piezometer tip end was
used. The single piezometer (D11) was installed on the stream imalie with PW01, MWO01, and

MWO02 to monitor groundwater level.

Five piezometer pairsere installed along the length of the stream; three pairs upstream (D45/D46,
D43/D44 and D41/D42) and two pairs downstream (D33/D34 and D35/D36) relative to D39/D40. The
three upstream are spaced 14.7 m apart, and D35/D36 and D33/D34 are 15 m and 35 m downstream,
respectively.Figurel2 shows a photograph of a section of the installed instream piezometer network
that spans across Bertrand Creek.

~ ~ 5

Figurel2: The piezometers and PVC tubes housing the background TidBits that were installed on 2048 10
Bertrand Creek.

Solinist Leveloggers were installed in the larger diameter piezometers. Rather than suspending them,
the loggers were lowered to rest at the bottom of the piezometer. This allowed them to be reinstalled at
the same depth after data were downloadiéi.e., after slug tests, or between pumping/recovery

periods). The loggers were programmed to record the pressure of the overlying water column every 15
minutes. During the pumping test, a different logging interval was usel@ssibed in Section 4.3.
Threebarologgers were also installed at the site to record atmospheric pressure variations at the same
interval (one was paired with the hydrometric stations). This water level was used to determine the
hydraulic head in each piezometer using the survesledation of the top of the piezometer. VanEssen
Micro-divers were also installed into the three small diameter piezometers (D11, D23/D24) in the
streambank and set to record at the same interval.

Streambed temperature logging was done using two separate/orks: a background network and a
pumping test network. Thbackground streambed temperature networkas installed on May 11 and
12 and loggers were retrieved on October 15, 20I8e logging interval was one hour. T®alinst TidBit
v2 Temp Loggers welinstalled in pairs next to each piezometer pair, with the exception of D39/D40
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and D23/D24 which shared a pair of TidBits because of their proximity and the likelihood of the creek
running dry at that location. The TidBits were installed at two diffedsyiths, one at the streambed
water interface and the other 16 cm below the interface. To provide shielding from solar radiation,
these temperature loggers were affixed (using zip ties) to the inside afiehddiameter section of

white PVC sewer pipe. &lstreambed was excavated by hand, the sewer pipe eased in, and then
strapped to a piece of rebar to hold it in place.

Thepumping test network of streambed temperature loggeveas installed solely for the purpose of
monitoring streambed temperature durinthe pumping test Thissecond network was necessary

because the logging interval in the background network was too long and if the loggers were removed to
re-program them, it was unlikely that they could be returned to their exact depth. Therefore, two
additional Tidbit loggers were affixed to the rebar slightly beneath the strearn@dr interface

(Figurel3). These loggers were set to record every 30 seconds. Weeryinstalled just prior to théirst
pumping test on July 4 and were retrieved on July 19, roughly two weeks aftéraiygumping test.

These loggers were 1@eployed at the same locations for the second pumping fBiseloggers were
finallyremovedon October 5, 2018.

Figurel3: TidBit temperature logger installed attached to the rebar on the outside of the PVC tubing for the
pumping test. Background TidBits are installed inside the tube.

3.5 Overview of SiteHydrogeology

The Otter Park field site sits atop an unconfined aquifer, which is comprised mostly of coarse sands and
gravel with very fewines (Appendix, Borehole Logs)hree of the wells (PW01, MWO01, and MWO01)

are completed withirthis aquifer Figurel4). Adeeperconfining unit was intersected by monitoring

well (MWO03) from 33.5 to 36.6 1110120 ft) and consists of silt and clay. The confining unit is at least
6.01 m QOft) thick. Drilling ceased at 42.7 (140 ff) and the confining unit was still present.

Bertrand Creek at Otter Park is ~5 m below the ground surface where the pumping and monitoring wells
are located, and likely cuts through the unconfined &guin addition the static water levels in the
wells were approximately 4 m below the top of casing (BTad@ctober 11, 2018uggesting that the
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water table slopedlightly away fronBertrand CreekFigureld). This suggesthat the stream was
losingat that time.However, Johnson (2018) measured slightly highetemlevels in the wells in July
2018, suggesting a sloping water table towards Bertrand Creek anidgainditions.

The coarse grain size of the aquifer sediments also indicates that the hydraulic conductivity is high.
Therefore, it is likely that the aquifestream connectivity is high, meaning the stream will be sensitive to
changes in groundwater lels and may experience streamflow depletion during pumping.

20m | 14m
I
St o N
\‘\\N \\y\\“\ O N ?\N
g S 74.085 =
B 20 < v M -
K £
\ @
losing ‘0_3
Legend conditions
' . 73.923
Unconfined aquifer (coarse sand and gravel) 73.933 73.934
Confining layer (clay) Ll - |
73.164 Hydraulic head (masl) CE)
o
s /
74.164 upward gradient

Figurel4: Crosssectional view of the study site from the well network to Bertrand Creek (shown in blue on the left).

Groundwater level is from measurements madeQmtober 11 2018before the start opumping test 2 Note that
MWO03 isoffset fromthe crosssection buts included for conceptual purposes.

4. AQUIFERND STREAMBED HYDRAC PROPERTIES

To charactege aquiferstream connectivity, representative values of the hydraulic conductivity (K) of

both the aquifer and the streambed sediments are needed. For this study, three approaches were used.

9 Grain size analysis of aquifer materials and streambed sediment

9 Slug testg of instream piezometers and wells
1 Two pumping tests

This section summarizes the methodology and main results. Additional details can be found in Bryn
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4.1 GrainSize Analysis

4.1.1 Method

Fifteen samples were taken from the streambed between HS2 and HSBigseell). Nine of the
samples were taken adjacent to each piezometer paithin 0.5 m) (these samples are identified by a D
in the sample ID). The other six samples were taken between piezometer pairs lengthwise down the
creek (these samples are identified by an A in the sample ID, where the numbers in the sample ID
correspondo the piezometer pair upstream of it).

Shovels were used to dig ~30 cm deep holes in the streambed sediment and the samples were collected
from the bottom of the holes. Using this sample collection method, some fines may have been lost.
Additionally, cbles and boulders were present in the streambed but were too large to collect using the
sample collection method. Exclusion of the cobbles and boulders is not expected to influence the
results because the finer grain sizes limit the permeability.

Core amples from drilling were collected from PWO01 and MWO03 were also analysed. Twelve samples
were collected from PWO01 every 5(f1.5 mbetween 15ft and 70 ft(~4.6 m and 21.3 mYhe core

from MWO03 was sampled when there was variation in the material.sbemples were collected, but the

two deepest samples that represent the confining unit were not analyzed for grain size as they were not
representative of the aquifer (Appendix |. Borehole Logs).

The samples were mechanically sieved according to thpriadedures outlined in the 2002 ASTM
standard D42ZAmerican Society of Testing and Materials, 20Bfore sieving, the samples were oven
dried at 105°C for at least 24 hours and until the weights had not changed by more than 1% for two
hours. Any aggredes were broken apart and the samples were then run through a mechanical sieve
shaker with 11 sieves for 15 minutes. The results were used to construct grain size distribution curves
for analysisgeeAppendix Il A. Grain Size Distributiomgohnson, @18).

The grain size distributions were analysed using six different analytical methods to estimate hydraulic
conductivity. The Hazemethod (Fetter 2001), NAVFAC (1974), Chapuis (2004), Beyer (1964), Sauerbrei
(1932, as cited in Vukovamd Soro 1992) and the 8BR (1978 as cited in Vukaao Soro, 1992]Table

1) were used to analyze the dagas recommended by Dr. Romain ChesrlauiUnifefsité di Québeca
Chicoutimi). Edtmethod has specific conditions that need to be met for the equation to be valid. These
conditions are based on the sediment type, several effective grain size diameters, void ratio and
porosity, and the coefficient of uniformity.

The NAVFAC, Chapuis, &alierbrei equations all include void ratio or porosity that could not be
measured directly. To estimate values of hydraulic conductivity for these methods, upper and lower
limits for void ratio or porosityChapuis, NAVFAC and Sauerbrei methadd)for the C parameter

(Hazen method) were obtained through the literature for the different sediment types. Given the
uncertainty in these parameters, the NAVFAC, Chapuis, Sauerbrei, and Hazen methods provide a range
of estimated hydraulic conductivity. The Beysrd USBR equations only include known values, and
therefore, a single estimate of hydraulic conductivity was calculated. The Hazen, Beyer, Chapuis and
NAVFAC all use the effective grain sizewlhereas Sauerbrei uses;dnd USBR usesoqsee Appendix

Il'in Johnson, 2018 for additional details on these parameters).
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Tablel: Methods with the equations and conditions that were used to calculate the hydraulic conductivity from the
grain size distribution of the streambed and ggusamples.

Method Empiricalequation Conditions
o wa 50 1) loose and uniform sand
Hazen i 2) Cof§
with dioin cm 3) 0.1mmig;Bmm
B 1) Sand and mixtures of sandggavel
wa
NAVFAC| U — p T 8 zqQ 8 8 2) 202
DM7 i _ _ 3) di/ds .4
with dipin mm 4) 0.1mmXdio Xmm
5) 0.3 XD.7
. G 8 § zQ 1) All natural soils without plasticity
Chapuis V7 G890 C&, p 8 2) 0.003mmdd10 X3mm
With dioin mm 3) 0.3k XKL
. G & oozl U TTTT 1) Uniform to moderately uniform san
Beyer L = v S5 2) 0.06 MNMKdio XKD.6 mm
with dyin mm ouv M X /dz X H~A
. 0 &" m 1) Sand and silty sand
Sauerbrei i p € 2) d X0.5mm
With di7in mm e
wa ) . .
L — ™WEQ 8 1) medium size sand
USBR i 2 C
With choin mm ) Colg
where:

K = hydraulic conductivity

C = Unitless empirical coefficient for different types of sand

dn = The effective grain size parameter at the percent indicated by the subscript n
Cu = the coefficient of uniformity (d60/d10)

e = void ratio

n = porosityn=e/(1+e)

4.1.2 Resultsor Streambed Sediments

The streambed sediment consists of rounded to subrounded pe&ibt clasts with sand and is poorly
sorted. The sieve analysis showed little to no fines in the samples, although as noted abovéneeme
may have been lost during sample collection.

The estimate®f Kfor eadh empirical method are listed ifable2. The Hazen, Chapuis, NAVFAC, and
Sauerbrei all hadnknown parameters in their equations (e and C), therefore, for these metiads
minimum and maximum valwof hydraulic conductivity (Kgrereported. Each analytical method has
conditions that must be meflablel) if it is to be used for calculating the hydraulic conductivity.
Therefore, following the grain size analysis, the applicability of each method was adsggedhson
(2018) Because the porosity/void ratis unknown and estimated from the literature, it was not used to
determine whether a particular method was applicable to the sample.
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Johnson (2018) determined thate NAVFAC method has no applicability to the streambed samples. All
the streambed samplesiet the sand or sand + gravel condition, ande&lliithin the accepted range

for dio. Only6 of the 15 samplesdll below the max Cu acceptable, and only two met thg¢dd

condition, but no samples met both these conditions. Four samples (D9/D10A383D41/D42, and
A41/A42) are withirl0%of the accepted maximum Cu value; however, none of these are samples that
also meet the g/ds condition. The g/ds values are clustered close to the threshold but still above it.

Based on the evaluation of ttepplicability of each method, Johnson (2018) determined that t

Chapuis method is the most applicable of all the methddkthe samples are natural soils without
plasticity and they all fall within the accepted effective grain sizegtad all but bur samples are

outside 10% of the accepted void ratio range. The Chapuis method also has the largest ranges for void
ratio and effective grain size, which makes it more likely that samples will meet the conditions.

Table2: Estimats of hydraulic conductivity (K) in m/s for the streambed sediments using the six empirical methods:
Hazen, Chapuis, NAVFAC, Beyer, Sauerbrei, Ti8BRhapuis method yielded the best estimates.

Streambed Hazen Chapuis NAVFAC Beyer Sauerbrei USBR
Sample ID m/s m/s m/s m/s m/s m/s
Kmin Kmax Kmin Kmax Kmin K max K Kmin K max K

D7/D8 5.78E03 8.67E03 6.74E04 3.98E03 4.56E03 1.27E02 5.37E03 5.74E04 5.56E03 1.98E02
D9/D10  5.78E03 8.67E03 8.56E04 6.27E03 4.99E03 2.00E02 5.16E03 7.78E04 9.92E03 1.58E02
A33/A34 5.78E03 8.67E03 8.56E04 6.27E03 4.99E03 2.00E02 5.16E03 7.78E04 9.92E03 1.39E02
D33/D34 5.78E03 8.67E03 6.74E04 3.98E03 4.56E03 1.27E02 5.29E03 8.70E04 8.42E03 1.98E02
D35/D36 3.38E03 5.07E03 5.62E04 4.12E03 4.40E03 1.83E02 2.72E03 3.33E04 4.24E03 4.48E03
D37/D38 3.92E03 5.88E03 6.31E04 4.63E03 4.56E03 1.88E02 3.40E03 4.61E04 5.87E03 5.48E03
A39/A40 2.42E03 3.63E03 4.33E04 3.17E03 4.07E03 1.73E02 2.06E03 3.73E04 4.76E03 3.60E03
D39/D40 5.78E03 8.67E03 8.56E04 6.27E03 4.99E03 2.00E02 4.82E03 9.03E04 1.15E02 1.77E02
D41/D42 4.50E03 6.75E03 7.03E04 5.16E03 4.71E03 1.92E02 4.04E03 5.57E04 7.11E03 1.06E02
A41/A42 4.50E03 6.75E03 7.03E04 5.16E03 4.71E03 1.92E02 4.04E03 7.78E04 9.92E03 1.39E02
A43/A44  7.22E03 1.08E02 1.02E03 7.46E03 5.25E03 2.08E02 6.81E03 1.04E03 1.32E02 1.98E02
D43/D44 6.48E03 9.72E03 7.38E04 4.36E03 4.68E03 1.30E02 6.19E03 5.74E04 5.56E03 1.22E02
A45/A46 2.42E03 3.63E03 4.33E04 3.17E03 4.07E03 1.73E02 2.09E03 4.61E04 5.87E03 5.48E03
D45/D46 3.92E03 5.88E03 6.31E04 4.63E03 4.56E03 1.88E02 3.62E03 5.57E04 7.11E03 7.81E03

4.1.3 Results for Aquifer Materials

The six empirical methods used to analyze the graindsit®for the streambed sediments were also
used to analyethe grain sizelatafor the sediment corsextracted from PW01 and MWO03. The aquifer
sediments are more varied in their grain size compared to the streambed sediments\gang clay
and silt to coarse sand and gravel. The sediments in each samepteostly poorly sorted, but therare

a few well sorted samples. The majority of sampées sands mixed with gravel.

The estimates of For PW01for each empirical method are listed Trable3. The resultshowa range in
Kbased on theange in GHazen methodand therange of void ratios estimated by the literature
(Chapuis, NAVFAC and Sauerbrei methotlsg Hazen method haamigeomeanof minimumKvaluesof
1.06x102 m/s andgeomeanof maximum Kvaluesof 1.67x10° m/s. The other method$ad larger
ranges in K, from 1.54x2@n/s to 1.40x1¢ m/s.

TheKresults from the grain size analysis for MWO03 are presentdabie4. The Hazen method had a
geomean ofminimum K of 6.11x10m/s and ageomeanof maximum K of 9.98x1% m/s. The Chapuis,
NAVFAC, and Sauerbrei methods all produced approximately an order of magnitude difference between
the minimum and maximum estimatgsom 1.20x10' to 1.38x1F m/s.
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Similar to the streambed sediments, the applicability of each methaslagaessed by Johnson (2018).
Ultimately, Johnson (2018) determined thtae Chapuis method is the most applicable for the aquifer
samples All samplesre natural soils without plasticity and fall within the acceptadrdnge. As well,
the estimates of @id ratio were also all close to accepted values.

Table3: Hydraulic conductivitfor PWO01from the Hazen, Chapuis, NAVFAC, Beyer, Sauerbrei and USBR methods
using the minimum and maximum void ratios or C vallibs. Chapuis methad considered to givihe best
estimates(Johnson, 2018)

Hazen Chapuis NAVFAC Beyer Sauerbrei USBR
Sample ID m/s m/s m/s m/s m/s m/s
PWO01 Kmin Kmax Kmin Kmax Kmin K max K Kmin K max K
15 ft 2.40E04 4.80E04 8.89E05 6.52E04 2.55E03 1.24E02 3.06E04 5.02E05 6.40E04 4.38E04
20 ft 8.00E03 1.20E02 8.70E04 7.87E03 4.92E03 2.05E02 7.85E03 1.36E03 2.27E02 2.21E02
25 ft 1.80E02 2.70E02 1.64E03 5.58E03 5.97E03 1.06E02 1.94E02 1.80E03 8.59E03 4.17E02
30 ft 1.28E03 1.92E03 2.07E04 7.05E04 3.19E03 6.10E03 9.07E04 4.11E04 1.97E03 1.77E02
35 ft 2.42E03 3.63E03 3.41E04 3.09E03 3.71E03 1.68E02 2.02E03 5.74E04 9.59E03 1.77E02
40 ft 9.80E04 1.47E03 1.68E04 1.52E03 2.99E03 1.45E02 7.39E04 5.17E05 8.63E04 4.63E04
45 ft 9.80E04 1.47E03 1.68E04 1.52E03 2.99E03 1.45E02 8.08E04 9.55E05 1.59E03 1.53E03
50 ft 7.20E04 1.08E03 1.32E04 1.20E03 2.78E03 1.37E02 5.66E04 1.26E04 2.11E03 1.86E03
55 ft 9.80E04 1.47E03 2.13E04 1.56E03 3.30E03 1.49E02 9.05E04 9.75E05 1.24E03 8.00E04
60 ft 9.80E04 1.47E03 1.68E04 1.52E03 2.99E03 1.45E02 8.28E04 9.55E05 1.59E03 1.29E03
65 ft 7.20E04 1.08E03 1.68E04 1.23E03 3.07E03 1.42E02 6.88E04 7.01E05 8.93E04 5.17E04
70 ft 4.00E05 8.00E05 3.97E05 3.75E04 2.13E03 2.29E02 1.00E04 1.48E05 2.61E04 1.22E02
Geomean 1.06E03 1.67E03 2.12E04 1.55E03 3.26E03 1.40E02 1.03E03 1.54E04 1.96E03 3.18E03

Table4: Hydraulic conductivitior MWO03from the Hazen, Chapuis, NAVFAC, Beyer, Sauerbrei and USBR methods
using the minimum and maximum void ratios or C vallibs. Chapuis methad considered to givihe best
estimates(Johnson, 2018)

Hazen Chapuis NAVFAC Beyer Sauerbrei USBR
Sample ID m/s m/s m/s m/s m/s m/s
PW® Kmin Kmax Kmin Kmax Kmin K max K Kmin K max K
5 ft 1.28E03 1.92E03 2.07E04 1.22E03 3.19E03 9.60E03 8.10E04 4.11E04 3.98E03 1.39E02
24 ft 1.62E03 2.43E03 2.49E04 1.47E03 3.37E03 1.00E02 1.27E03 1.39E04 1.35E03 1.92E03
45 ft 5.00E04 7.50E04 9.94E05 9.24E04 2.55E03 1.34E02 3.28E04 4.65E05 8.04E04 4.63E04
57 ft 1.28E03 1.92E03 2.07E04 1.93E03 3.19E03 1.56E02 8.80E04 4.11E04 7.11E03 1.77E02
61 ft 9.80E04 1.47E03 2.13E04 1.56E03 3.30E03 1.49E02 5.45E04 1.89E04 2.41E03 1.86E03
93 ft 4.00E05 1.00E04 3.97E05 3.75E04 2.13E03 2.29E02 1.04E04 1.48E05 2.61E04 5.32E05
Geomean 6.11E04 9.98E04 1.44E04 1.11E03 2.92E03 1.38E02 5.06E04 1.20E04 1.64E03 1.67E03

4.2 Slug Tests

4.2.1 Method

Slug tests were performed in all the instream piezometers and the three monitoring (wellthe
pumping wellXo obtain estimates of hydraulic conductivity of the streambed and aquifer sediments,
respectively. Bail tests were also performed in the manity wells. Most othe tests were conducted
on May 12, 2018, but repeat tests were done on July 19, 2018 on select piezometers and MW03
because the original data were poor.
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The small diameter of the instream piezometers dictated a water injection mehod | G Smll) 6 Xc n n
was poured directly into the piezometer and the water level allowed to equilibrate back to its initial
level. A minimum of three slug tests was carried out in each pieter. Solinisteveloggers were set to
recordeverysecond during tsting. Following testing, the loggers were reprogramed back to every 15
minutes to continue background monitoring.

A solid slug was used to conduct the tests in the monitoring wells rather than the water injection
method as the well diameters could accomdate a slug. A minimuf three sets of slug and bail tests
were carried out in the monitoring wells. HOBO data loggers were installed in the monitoring wells to
record every second during the slug and bail tests.

All datawere analyzed in AquiferTdat9.0 using the Hvorslev (52) method and the Bawer-Rice
(1976) method The Hvorslemethodis generally used to analyze data fraranfined aquifersbut it is
commonly applied to unconfined aquifeiBhe Bawer-Rice method is commonly used for unconfined
aquifers but can be useoif confined aquifers. Thassumptionof each method were metr assumed

to bemet at the field sitgsee Johnson, 2018)he datasets collected in each instream piezometer and
monitoring wellare provided in Johnson (2018; Appendix MM each graph, ortest illustrates the line
for which the slope was calculated. For thauder-Rice methodpnly one dataset, considered the
G06SaildwasySRE T2 NJ | v Edatasethadtie gle&teSt digpia&eént in water level
and/or had the least discrepanbgtween the initial water level and the recovered water level.

4.2.2 Results for Streambed Sediments

The streambed slug tests were separated into shallow and deep piezomésdie]). Using the
Hvorslev method, the deep piezometers hlageomearK of1.46x1® m/s with a standard deviation of
1.57x10° m/s, and the shallow piezometeted ageomean Kf 3.41x10° m/s with a standard deviation
of 3.30x1@ m/s. Using he BouwetRice methodthe deep piezometers had a geomean K of 1.39x10
with a standard deviation of 1.17x2@n/s, and theshallow piezometers had a geomean K of 3.77x10
m/s with a standard deviin of 3.27x16 m/s.

Table5: Hvorslev and BouweRice estimates of hydraulic conductivity (m/s) from slug tests by water injection into
the streambed piezometers.

Hvorslev (m/s) BouwerRice (m/s)

Deep Shallow Deep Shallow
D7  2.00E05 D8 3.20E05 D7 1.17E05 D8 8.40E05
D9  2.15E05 D10 2.15E05 D9 1.69E05 D10 1.51E05

D33 1.35E06 D34 5.25E07 D33 9.53E07 D34 2.00E05
D37  6.50E06 D38 5.30E06 D37 5.50E06 D38 3.83E06
D39  3.50E06 D40 5.25E05 D39 2.91E05 D40 3.90E05

D42 1.00E04 D42 8.75E05
D43  4.00E06 D44 1.05E05 D43 3.83E06 D44 8.63E06
D45  4.50E05 D46 5.06E05 D45 2.91E05 D46 4.37E05

Geomean 1.46E05 3.41E05 1.39E05 3.77E05
Standard 1.57E05 3.30E05 1.17E05 3.27E05
Deviation
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Notably, the geomean K values for the deep piezometers are lower than for the shallow piezometers.
Therefore, a student-testwas performed on both the Hvorslev and BouviRice results taetermine if

the meanK value®f the deep and shallow piezometers are the same (at the 0.1 significance Tehl).
t-test producel different conclusions for the two methodBor theHvorsleumethod, the test indicated

that there is no statistical difference in the K values between the two dejpihithe BouwerRice

method, the test indicated thathere was a difference in the K values between the two depths (although
the t-value was only sligly larger than the critical-value)

4.2.3 Results for Aquifer Material

All three monitoring wells were tested on May 12, but only satisfactory data were obtained for MWO01

and MW02. MWO03 was riested on July 19; however, a good dataset was still not obthiduring the

slug test, he water level in MWO03 immediately dropped to approximately half of the initial head

displacement buhad only partiallyecovered after one hour. When the slug was pulled out (bail test)

the same anomaly occurrednd the watedevels returned tapproximatelyK I £ ¥ 2 F GKS wadl GA
levelandceased recovering.he immediate change in water level after the slug and balil tests indicates

the well is screened in a material that has higtbut thefailure to returnto the staticwater level

suggests a possible skin effegossibly because the piezometers were not develoddw: data from
MWO1showeda similar effectbut to a much smaller degre@&his effect was not observed MWO02.

Table6 shows the K values determined using each of the Hvorslev amddBdricemethods for
monitoring wells MW01 and MWD No estimate is available for MWO03.

Table6: Hvorslev andouwerRice results for hydraulic conductivity in the monitoring wells.

Hvorslev (m/s) BouwerRice (m/s)
MWO01 6.25E04 6.00E04
MWO02  9.00E04 4.97E04

4.3 Pumping Tests

4.3.1 Method

The aquifer hydraulic propertied the aquifer(transmissivityT, storativity S, and specific yield Byere
estimatedfrom the analysis gpumping and recovery testata. Ultimately, twvo pumping /recovery
tests were completed, and the data analyzed for each test.

A step test wadirst conducted on Jy 3, 2018 to determine a appropriatepumping ratefor the
constantrate discharge testFour steps were planned. The first step tesiscarried out at a rate of 157
US gpm. Unfortunately, due to unforeseeomplications with the pummone of the stepsvas
completed. Time constraints on the project dictated that the constate test must commence on July
4,2018. Therefore, a pumping rate of 287 US gpm was selected fdirgheonstantrate test based on

an estimateddrawdownof approximately 1 m in MWO1. This drawdown was estimated with the Theis
equation,usingthe geomearK for the aquifer of 7.6x10m/s determined from the slupail tests in

MWO01 and MWO02 Table6) and aspecific storageS9 value of1x10* m? based on literature values.

The step test data were downloaded prior to the pumping test and the loggers were reprogrammed
using custom time intervals to maxireidata resolutiorand most efficiently use the data logger

L A positive kin effectindicates extra flow resistance near the wellbpl@ading to slower recovery during a slug
test. See Butler (1998).
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memory. Three different time intervals were used. The constant rate tesinitagly plannedfor 72

hours, starting at 10:15 a.m. on Julyléggers were set to record data every second for the beginning of
the pumping test when the changes in drawdown would be greatest. The data loggers recorded data
every second from 10:15 a.m. to 12:00 p.m. for a total of 1 hour and 45 mirnthesiecording interval
wasthen changed to record every minute from 12:00 p.m. t@06p.m. for a total of 5 hours, and then
every 15 minutes for the rest of the test when it was estimated that the aquifer would be approaching
steadystate. The constaate test was not completed for th&ull 72 hours Duringthe constantrate

test, the Department ofFisheries and Oceans Canada (DFO) expressed concerns about the effects of the
test on the critical habitat of the Nooksack Daoel Salish Suckaiithin Bertrand Creek. Thefore, the

test wasterminatedat 3:15 pm. on July 5 to prevenpotential impacts on the habitaf hus, thefirst
constantrate test was29 hours in lengtland was followedmmediatelyby a recovery tesBefore the

pump was shut off, the data were downloaded and the loggers reprogrammed for the recovery period.
A varyng time interval was also used for the recovery period. The recovery period logged data every
second for 3 hours, every minute for the following 5 hours, and then 15 minutes until the end of the
test. However, due to a programming error, the data logghdsnot start logging at the same time. The
loggers in MWO03 and MWO02 started logging at the first interval together, then MWO01 haghranlie

delay before it started logging, and PWO0L1 started logging last and hagharizgfie delay. All of the data
loggerswere logging at .second intervals at the same time for 2 hours 25 minutes between 2:55 p.m.
until 5:30 p.m.

The second constant rate test was initiat@d7:10 p.m.on Octoberll, 2018 The well was pumped at a
constant rate of 324 US gprmhe pump washait off at 7:15p.m. on October 4, 2018. Therefore, the
constantrate test duration was-72 hours. Similar to the first constardte test, a variable logging
interval was usedTlhe data loggers recorded data every second frotd p.m. to 1:00a.m. on October
12for a total of5 hoursand50 minutes. The recording intervalasthen changed to record every
minute from 1:00a.m. to 1:00 p.m.on October 1Zor a total of12 hours, and then every 5 minute®

the end of pumping on October 14 atfttough recoveryuntil the logges wereretrieved and
downloaded at 10:40 a.m. on October.15

4.3.2 Results for Pumping Tests

The drawdown response in all wells durid§lis shown irFigurel5. At the beginning of the constant

rate test, the pumping rate was unfortunately adjustbyg the pumping contractosyhich resulted in the

water table equilibrating with theew flow rate. This can be seen in the water levels of PW01, MWO0L1,

and MWO02 at ~15 minutes (953 s) into the test. The change in water level is not seen in MWO03, perhaps
because its loweK buffered the change in flow rate. Drawdown in MWBadthe greatest response

which is expected as it is the closest in proximity to the pumping well. However, MW02 had more
drawdown than MWO03, despite MWO03 being 3.5 m closer to the pumping well. This is consistent with
MWO3 being screened in a zone of loveWhile Johnson (2018) attempted to analyze the data to

obtain estimates of the hydraulic properties of the aquifer, the dataset is so poor that it is no longer
examined here.

Figurel6 shows the drawdown response in all wells during PT2. The dataset is much cleaner because
the pumping contractor was directed not to adjust the pumping rate early in the test. Therefore, this
dataset is used to estimate the hydraulic propestof the aquifer at Otter Park.
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Figurel5: Drawdown data foPTL at Otter Park. Shown are the data for pumping well QR)Vand three

monitoring wells (MWO01, MWO02 and MWO03lso shown are thearly portions of the Neumaturves.Note: the
time axis is in seconds.
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Figurel6: Drawdown data folPT2at Otter Park. Shown are the data for pumping well (RyYand three

monitoring wells (MWO01, MWO02 and MWO03lso shown are thbest fit NeumarcurvesNote: the time axis is in
minutes.
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TheNeuman method (1975) farconfined anisotropic aquifers widentified as the most appropriate
analytical method for estimating the hydraulic properties of the aquifé®e Neuman type curve is

made up othree segments a) a steep segmémheislike),b) a flat segment anhtermediate time, and

) a steeper segment at later time (also THiig), although segment c) was only just noticeable in the
pumping test dataKigurel6). Not all of the conditions for the Neuman method were fully met. The
Neuman method assumes: 1) the aquifer has infinite areal extent; 2) the aquifer is homogenous,
isotropic and of uniform thicknes 3) the pumping well is fully or partially penetrating; 4) the aquifer is
unconfined with delayed gravity response; 5) flow is unsteady; and 6) the diameter of the pumping well
is very small so that storage in the well can be neglected. As describectionS3, the unconfined

aquifer in Otter Park is limited in its extent, particularly because Bertrand Creek is an important
boundary condition and hydraulic connection is anticipated. It is unlikely that the aquifer is homogenous
based on the variabilitin grain sizes vertically in PWO01 and MWO03. The aquifer is likisigteopic,with
vertical K less than horizontal K. And finddlgcause the aquifer thickness was determined only from a
single well (MWO03), it is uncertain if the aquifer is of uniforncithessTheseassumptionsare rarely

metin real aquiferandare commonlyaccepted limitations in the punipgtest analyses

The softwareAquiferTesPro (Waterloo Hydrogeologic Inc. 2019) was used to analymeconstantrate
discharge testlatafor allmonitoringwells MW01, MWO02, and MWO3Jhe test data at the pumping
well (PWO01were analyzd, butas istypical of pumping wellghe storage parameters are excludethe
aquifer T Sy and Sy/@ere obtained directly fronmanud curve fitting(Table7). ThenK, S and Sgere
calculatedby dividing by theaverage saturatethicknesqb) of the aquife(Table7). The average
saturatedthicknesq25.3 m) isthe difference betweenthe average water table deptim each well prior
to pumping(3.2m) andthe top of the confining layebased orthe borehole log foMW03 (28.5 m)The
saturated thickness in an unconfined aquifer changes during a pumpindtesever, the effect on the
calculated K and Saluesis mnor because the saturated thickness only decreased by #2 MWO01
(8% of saturated thicknesaphd by ~Im in MWO02 and MWO03%$2.5% of saturated thickness)

Table7: Hydraulic properties of the aquifer estimataging the Neuman methddr data collected durin T2at
Otter Park.

T (n¥/s) Sy Sy/S K (m/s) S Ss(m?)
PWO1 5.16E03 n/a n/a 2.04E04 n/a n/a
MWO01 4.345-03 3.50E02 6.46E+@ 172804 5.42&05 2.14506
MWO02 5.006-03 4.10502 3.39E+Q@ 19804 1.21E04  4.7806
MWO03 218503 4.6301 7.00E+01 8.63F05 66103 2.61E04
Geomean 3.26E03 2. 72201 1.29504 1.7805
StDev 1.10503 479601 4.37E-05 14704

Curve fitting was somewhat challenging because it had to be done manually. The automated curve
fitting could not converge on a best fit. Fits were sensitiva tmmbination of parameters, such that

slight adjustments of one would result in another paragrawith a value that was unreasonable. Fits
were generally insensitive to Sy/S and téK, except in MWO03The T (and K) values are relatively
consistent between the well@able7). The values at MWO03 are slightly lower, which is expected based
on the small grain size sediments that intersect the lower portion of the well (see Appendix I, Borehole
Logs). The Sy valua® more variable, but still within an order of magnitude of each otfiére

uncertainty is high for Ss.
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To investigate varied response times in the wells, the data were plotted as drawdown vs timefraxius

CooperJacob ll{Cooper and Jacob, 194&mposite plot Figurel?). PWOL1 plots further to the right
than the other wells because its radial distance is simply the well radius. The Elampér1ll plot is
usefulbecause it allows for determining if the aquifer is homogenous. The three monitoring wells
generally plot together indicating that the aquifer is relatively homogenbigsvever MWO01 has more
drawdown than MW02 and MWO03, which is consistent with the lo@&givalue obtained for this well
(Table7). The higher drawdown at PWO0L1 is possibly related to well inefficiency, whibk result of the

water flowing into the well reeting resistance as it passes through the well screen. This causes more
drawdown in the pumping well than would be expected based on the aquifer properties and pumping
rate. The steep slopat earlytime for the pumping wel(not apparent inFigurel?, but is inferred

because drawdown starts at zero metr@g)strates this point. Inefficiency could also come from

pumping equipment or the discharge line into the culv@ite hose that discharged the groundwater

into the culvertwas very long andad numerousturns that could add resistance to water flow, resulting

in energy loss. The presence of inefficiencies would result in large (but unknown) errors in the estimates

of the hydraulic properties for the pumping well
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Figurel7: CooperJacab Il composite plot of drawdown versug fér PT2at Otter Park. Shown are the data for
pumping well (PWO01), and three monitoring wells (MWO01, MWO02 and MWO03).

4.3.3 Results for Recovery Tests

The pump was shut oiifi PT2at 7:15 p.m. on October 14, 201Bhe water level immediately began to

recover in the purping well followed closely bjywW01andMWO02. The water level response in MW03

wasslightly delayedKigurel8).

The Theis Recovery method was used to analyze the eegdata for PT2. Due to the very rapid
recovery in the pumping well and the two shallower monitoring wells (MWO01 and MW02), the curve
O2dA R 2yte 08 FAG (2 GKS fFgirddIComSeqanths b the | (|

shallower slope of the lines, the T (and K) values are higher by almost an order of magretioie8)(

compared to the values estimated from the pumping test ddh(e8). The T (and K) values for MW03

are very similar between the pumping and recovery tests.
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Johrson (2018) analyzed the recovery data for PT1 and estimated a geomean T off&2s1for
MWO01, MWO02 and MWO03; the results for PWO01 were excluded due to difficulties in analyzing the data.
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Figurel8: Recoverylata forPT2pumping test 2 at Otter Park. Shown are the data for pumping well (PWO01), and
three monitoring vells (MW01, MWO02 and MWO03). Also shown are the be3tiiis Recoverurves. NotePWO01
and MWO01 underlie the data for MV20

Table8: Transmissivitand hydraulic conductivityaluesof the aquifer estimated using thHEheis Recovg method
for data collected duringecovery followind®T2at Otter Park

T (n?/s) K (m/s)

PWO1 4,95E02 1.74E03
MWO01 5.11E02 1.79E03
MWO02 3.65E02 1.28E03
MWO03 3.42E03 1.20E04
Geomean 1.85E02 6.51E04
StDev 2.44E02 8.57E04

4.4 Summary of Hydraulic Properties

4.4.1 Streambed Sediments

As mentioned abovehe Chapuis method was the most applicable grain size analysis method for the
streambed samples. The other methods failed to meet the sediment requirements. The Chapuis method
gave dower estimate of K than the other methods, ranging from 6.79%h@s to 4.75x16 m/s

depending on the void ratio values uséihble9).

The grain size analysis resudre not entirely consistent with the slug tests results. The slug tests
performed in the instream piezometers and analysed using the Hvorslev and BRiweemethods
produced K values two orders of magnitude lower than those from the grain size affabid=9). For
the deep piezometers, the Hvorslev method producegtamearK of 1.46x18 m/s and for the shallow
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piezometers, thageomearnk was 3.41x10®m/s. The Bawer-Rice method produced similar resultsg
deep piezometers had geomearK of 1.39x10 m/s, andthe shallow piezometers hadgeomeark of
3.77x10° m/s.

It is not uncommon for grain size analysis methods to overestimate hydraulic conductivitysbegraiin

size methods can neglect the finer material and instead focus on material that can be sieved. Thus, the K
values from the slug tests are considered more representative of tséurfield conditionsThe

geomearK for both deep and shallow piezeters, based on both methods of analysis, is 2.5xh(s.

Table9: Summary of hydraulic conductivity values for the streambed sediments.

Grain size Slug test
Chapuis Chapuis Hvorslev Hvorslev BouwerRice = BouwerRice
Method :
min max deep shallow deep shallow
Ge?n':}g"”( 6.79504  4.75E03 | 1.46E05 3.41E05 1.39E05 3.77E05
4.4.2 Aquifer

Again, he Chapuis method was also the most applicable method for the aquifer samplegedinean
valuesusing the minimum and maximum void ratios produced a mininggomeanfor the samples
from PWO1 of 2.12x1Om/s and a maximum of 1.55x2@n/s (Table10). The monitoring welMWO03
had a similar range, withminimumgeomeanof 1.44x16¢ m/s anda maximum of 1.11x1®m/s.

Theminimum and maximuniKvaluesproduced by theChapuis method bracket the K values from the
other methods The Hvorslev method producedyaomean Kf 7.62x10 m/s and the BouweRice
methoda geomean Kf 5.49x16 m/s for sediments from MW01/02

The aquifeK estimatedfrom PT2 using the Neuman mébd produced ajeomean Kf 1.2%10* m/s
for PWO01and all three monitoring wells. Using the Theis Recovery mefiioE T2 the geomearK for
the wells was.51x10* m/s, whichis approximately a hatfrder of magnitudenigherthan the Neuman
result

Oveall, the resultdor K from all methods suggest thite aquifer has a highd€than the streambed
sediments, which indicates the likelihood of the instream piezometers being screened in a clogging layer
(layer of lower hydraulic conductivity).

Table10: Summary of hydraulic conductivity values for the aquifer samples.

Grain size Slug test Pumping test
Chapuis Chapuis Chapuis Chapuis : :
Hvorslev  BouwerRice Theis
Method PWOl PWO01 MWO3 MWO03 MWO1/02  MWO1/02 Neuman Recovery
min max min max

Ge?rrr:;g;sz.ﬂEM 155E03 1.44E04 1.11E03 7.62E04  549E04  129E04  6.51E04
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5. PUMPING EFFECTS NSTREAM CONDITIONS

As mentioned in Section 4.3, two constaate discharge pumping tests were conducted at the Otter
Park fieldsite; the first in early July and the second in rddtober 2018. Johnson (2018) describes the
instream conditions prior to and during the July pumping tésisreport summarizes the instream
conditions prior to and during the second pumping test cardatin October.

5.1 Stream Discharge

Asdescribed in Section 3.31¢ hydrometric stations were equipped with data loggers that measured
stream stage every 15 minutes. Loggers were installed indvfidyhe data downloaded periodically
throughout the summer. timately, the loggers were retrieved in Decemb8tream discharge was
estimated using a locatiespecific rating curvas described in Sectidh3

Figurel9shows stramflow at each hydrometric station from October 1 to Decemhe?018 The start
and end ofPT2are indicatedoy the green and red vertical linegspectivelyDuring the summer
recessiorin the months prior tdPT2 streamflowat HS3wvas higher than at B2indicating thatthe
streamwas gaining over tht section(seeFigure7 for locationg, while during periods of higher flow,
dischargewas lower at HS2ompared toHS3.Throughout the monitoring period, theistharge at HS4
and HSAvere of similar magnitudécurves almost overlap)lespitebeing closer together than HS3 and
HS4.The reduction in streamflow from HS1 to HS5 suggests that Bertrand Wasd&ising under

natural conditions from upstream to downstream through the site. The lower magnitude decrease in
streamflow from HS4 to HS5 suggests that thees little to no groundwater contribution (or indeed
loss to groundwater) along this reach.
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Figurel9: Stream discharge at the five hydrometric stations in Bertt@reklkfrom October 1 to December 4, 2018
The start and end times f&T2are shown as red and green vertical lines.
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Figure20 shows the stream discharder a narrower time interval, from just prior 8T2o0n October 11

to October 19, 2018mportantly, sreamflow was declining prior to the pumping teftrecipitation data

from Abbotsford Airport indicatéight rain, showers of light rain, drizzle and mist from Octob8r 7

There was no further rain until October 23. Therefore, it is likely that streamflow was declining due to

rainfall in the previous days.

Pumpirg Test 2

A HS1Flow

HS2 Flow

X HS3 Flow
4 HS4 Flow
® HSS Flow
Pumping Test 2 Start
= Pumping Test 2 End

o
s

Discharge {m3/s)

Figure20: Stream discharge at the five hydrometric stations in Bertrand CreekOwiober 1119,2018.The start
and end times foPT2are shown as red and green vertical lines.

During the pumping test, streamflow continued to decrease at all hydrometric stations. At HS1, there
appears to be greater variabilityperhaps related to pumping from another well. While the negative
trend obseved during the pumping test could suggest streamflow depletion was occurring, the results
are not conclusive because as showirigurel9, streamflow was declining jar to pumping. However,

there are several lines of evidence that indicate streamflow depletion occurred during pumping.

1 During PT2, streamflow decreased gradually at all hydrometric stations, but most notably right

near the end of the testRigure20). The same phenomenon was observed during Piblie
21). A delay in streamflow gidetion is expected as water pumped from the aquifer initially

comes from storage, possibly intercepting groundwater if the gradient is toward the stream.

Then, as the extent of the cone of depression increases, the stream is intersected, and water can

begn to flow into the aquifer.
1 Once the pump was shut down (red vertical liné-igure20) the streamflow rebounded slightly.
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1 Prior to and following PT2, the streamflow at HS4 was consistently higher than at HS5, while
during the pumping test the streamflow was almost the samegniizide as at HS5.
Interestingly, the opposite was observed during Pie difference instreamflowbetween HS4
and HS5 was greater than it had been at any time durorgpumping conditionsHowever,
after the pump was shut offthe difference remainedimilar until the next precipitation event.

1 During PT2, the streamflow magnitudes at HS1, HS3 and HS4 were more similar than at any
other time during noppumping conditions (seEigurel9). The same phenomenon was
observed during PT1.
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Pumping Test 1

A HS1 Flow
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X HS3 Flow
@ HS4 Flow
® HSS5 Flow
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= Pumping Test 1 End
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Figure21: Stream discharge at the five hydrometric stations in Bertrand CreekJiuty®-6, 2018.The start and
end times foPTL are shown as red and green vertical lines.

5.2 Instream Piezometers

This report focuses on instream conditions immediately pridPT@ duringPT2 and during recovery.
Emphasis is placed on how the instream conditions changed over the monitoring period (October 11,
2018 at 15:00 to October 15, 2018 at 9:00).

5.2.1 Data Collectiorand Processing

The nested instream piezometers (as describe8dntion 3.4) were used to measure groundwater
levels before and during pumping. Natural fluctuations (magnitude and possibly direction) in
groundwater levels are expected throughout the year due to relative changes between the water table
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and the stream tge. During pumping, if a stream is hydraulically connected to the aquifer, the
groundwater levels in the piezometers are expected to decreblse.dawdownin the instream
piezometeramay be accompanied by either a change in the magnitude of the hydignaldient

whereby it would become more negative (where negative indicates a downward gradient) or a lessening
or reversal of the hydraulic gradient if the ppemping gradient was positivelowever, interesting

variations in the gradient can occur if opezometer in the nested pair responds differently, for

example, due to differences in the hydraulic conductivity of the streambed sediments surrounding the
piezometers. Some of these unusual variations in gradient were observed at the site.

Prior toPT2, the loggersvere reprogrammed to record measuremerggery 10 secondt.oggers began
logging at 15:00 on October ®&nd continued to log a& 10-second interval until they were retrieved
on October 18. The pumping test started at9115 onOctober 11" and ended atl9:15 onOctober 14
Thus, groundwater levels werecorded immediatelyrior to the start of the pumping test and
continued logging for approximately two days following the end of pumping

As mentioned in Section 3.44 desgn for the instream piezometeretwork was toinstall at each
locationone deep and one shallow piezometeiith a difference in length of one pipe sectibatween

the pair (approx. 32 cmYhe loggers were installed in the piezometers so that they restethe

bottom. In practice, however, the installation of the piezometers met with several challenges, which led
to difficulties in calculating the hydraulic gradient (dh / dl):

1. The elevations of the top of casing was not the same at each nested paig seghration dI
had to be adjusted accordihgto account for minor differences in the vertical offset

2. Some of the piezometers were installed at a bit of an anglagsinan adjustment to dl had to
be made.

3. Atone location (D37/D38), both piezometavere accidentally installed to the same depth.

4. Atone location (D41/D42), the piezometers had a greater difference in depth compared to the
other pairs.

Appendix B describes the approach for determining the vertical hydraulic gradient in instream
piezometes (vertical installatiomnd tilted).

5.2.2 Results: Drawdown

Drawdown in all instream piezometers was calculated from the start of pumiggre22 shows the
drawdown in piezometers located along the stream reamtdFigure23 show the drawdown in
piezometers located along the midline of the creek, in line with the pumping Wedl green vertical line

on the graphsnarks the beginning d®T2at 19:150n October 1", and the red vertical line marks the

end of the pumping tesat 19:150n October #". Drawdowrwas zero at the start of pumping and
increasel (note y-axis reversal) until approximatehy8:45 on October 12 Then, drawdown bean to

lessen and eventugllbe@menegative in several piezometers (head values greater than head values at
the start of pumping). At approximately 12:00 on Octobef 18 few hours before pump shutdown, the
drawdown increasé slightly in all piezometers. Therefore, the drawdovesponse in the instream
piezometers was somewhat complex.

Notably, all piezometers respoad immediately with a decline in head at the beginning of pumping.
The magnitude of the drawdown diffed between different pairs. For examplpeair D35/D36had less
of a difference than pair D33/D3#&ifure22).
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Instream Piezometer Drawdown Along Reach
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Figure22: Drawdown measured in instream piezometers located along the length of the reach BTBRumMping

began on October 11 at 19:15 and ended on October 14 at 19:15.
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Figure23: Drawdown measured in instream piezometirsated abng the midline of the creekuringPT2

Pumping began on October 11 at 19:15 and ended on October 14 at 19:15.
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5.2.3 Results: Vertical Hydraulic Gradient

Figure24 displayghe verticalgradientbetween each nested pair. The green vertical line represents the
start of the pumping test, and the red vertical line represents the end of the pumping tesisifive
gradientindicates upward groundwater flow and a negative vahgicates downward groundwater

flow. Hereafter,the terms upward and downward gradient will be us&d.understand changes in the
gradient, it isinstructiveto recallthe drawdown characteristicén all cases, the drawdown increakse
initially (from the start of pumping) until roughly 24 hours into the tessteFigure22 and Figure23).

The drawdown rate diffexd between the deep and shallow piezometers, so the curves diverge as
pumping progressg The maximum drawdown randérom approximately 0.04 to 0.08 m atel24-

hour mark. Once the maximum drawdowras attained, the drawdown beanto lessen, but because of
each piezometer in the pair respoadat a different rate, the difference in water levels contitlte
increase, and according, tmeagnitude othe gradientincreasel. The drawdowns measured in each of
D9/D10, D39/D40, D45/D46 and D35/D36 are very similar, so the gradients cheenydittle in these
pairs.Appendix C shows the individual graphs for each piezometer pair, including the drawdown in each
piezometer and theradient.
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Figure24: \ertical hydraulic gradients between the nested instream piezometers@otober 11o October 15
2018.Pumping began on October 11 at 19:15 and ended on October 14 at 19:15. The green vertical line represents
the start of he pumping test and the red vertical line the end of pumpege Figur@3for piezometer locations.
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The gradients across the streambed rad@i@m +015° to -0.75 over the full periodMost of the
piezometer pairshowan abrupt change in gradient whemmping be@nandagainwhen itended. In
most casesthe gradientgradually beamemore negativegi.e. increasing upwardlow) when pumping
began, and then abrupthbecameless negativavhen pumping endd. This occured because for all
piezometer pairs except D33/D34 (the furthest downstream) the drawdaas greater in the
shallower piezometer than in the deeper piezometer (see drawdgvaphs in Appendix)CAs noted in
Sectiord.4.1,0n averagehe shallower piezomets had a K value approximately 2.5 times that of the
deeper piezometers. Thus, it is possible that the shallower piezomateraore stronglyhydraulically
connected to the aquifer.

Results are summarized below in three categories: upstream of the pgmyef, in line with the
pumping well, and downstream of the pumping wéll reference tdrigure24.

Upstream of the Pumping WelFurthest upstream of the pumping welliggometer nest D45/D46 Ita
adownward albeit very low, gradient throughout the entire periothe water levels (and drawdown)
were almost identical in both piezometerat D43D44, the gradientvas stronglyupwardthroughout
andreducedonly slightly, but theravere more abrupt changes at the beginning and end of pumping
compared to D45/D46. At D42, the gradientvas weaklyupwardthroughout, butinterestingly the
upwardgradientincreasedat the end of pumpindgji.e. thenegativegradient increase, suggesting a
greater difference in the water levels between these two piezometers when pumpiredentis
noted, however, thaD41/D42had a lagerverticalseparation than the othepiezometer pais
(approximatelydouble) which may have confounded the results

In line with the Pumping WellFurthest from the pumping well, but in line with is D7/D8.This pair

had the greatestupwardgradient at the site, and the second largest reduction in gradie@tD10 and
D39/D40 initially hd downwardgradiens prior to pumpingswitched to upwardhroughout most of

the pumping periodand then returredto downwardat the end of pumpingThe gadients, however,
wereweakly negative at these two locations. Finally, at D37/D38 the gradiantipward throughout,

but the reduction in the gradientas the largest at the site. This large reduction in gradient is likely due
to the fact that these pieameters were accidentally installed to the same depth, so any changes in
groundwater level recorded in these wells is magnified when the gradient is calculated because of the
small vertical separation between the screens. It is likely that the gradiemdeedupwardat this pair,

but the magnitude of the change in the gradient is incorrect.

Downstream of the Pumping WelD35/D36 ha a moderateupwardgradient over the monitoring
period. Theupwardgradientincreasedat the beginning of pumping, but then stabilizel he response at
D33/D3dis interesting because iis the only pair at which more drawdown occurred in the deeper
piezometer.Unfortunately, the slug test results are inconclusive; Hvorslev method gagherh{ value
for the deeper piezometefby an order of magnitudeput Baiwer-Rice gave a lower K value for the
deeper piezometer.

The spatial variation of the gradientamediately prior toPT2(i.e., background conditionsy shown in
Figure25. Upstream of the center line D45/D46 and D41/D42 bpwvardgradients, while D43/D44 had
adownwardgradient. Along the center lineDD39/D40 and D9/D1Bad upwardgradients, D7/D8 a
downwardgradient, and D37/D38 a neutral (or indeterminant) gradidlrite gradient at B7/D38 was
neutral because the vertical separation of these piezometers was minimal due to an installation error.
Downstream of the center line, at3@/D35 and D33/D34, the gradieweredownward

2 This maximum positive gradient was measured in D37/D38, suspected to have been installed accidentally at the same depth.
Therefore, the gradient is magnified and likely incorrect. Aemealistic maximum positive gradient was measured at D33/D34
at a value of 0.075.
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Figure25: Spatial distribution of the vertical hydraulic gradieitsmediately prior tdPT2 Green circles indicate a
positive (upward) gradiented circles indicate a negatiydownward) gradient; blue circles indicate an
(approximately) neutral gradienRiezometer pair D37/D3&8ad a neutral gradienbecause of theimilar depths of
the piezometers

The spatial variations in the vertical gradient are interesting, and someiwbansistent with gradients
measured prior to PT1, between May 25 and July 3, as described by Johnson (2018). As noted in Section
3.5,Johnson (2018) measured slightly higher water levels in the wells in July 2018, suggesting a sloping
water table towardBertrand Creek antikely gainingstreamconditionsacross much of the streambed.

The measured vertical fluxes across the streambed in the summer are generally consistent with gaining
conditions. Prior to PT1, from May to July, the avergigalientwas upwards at all piezometers

between HS2 and H$@pstream locations), and upward 835/D46 and neutral at D33/D3Between

HS3 and HS4). Across the center line, all piezometers had a downward gradient BEXEswhich

had a neutral gradient. The dominantly downward gradient along the center line is stitegeand may

be related to the fact thathe streambeds slightly raised near the center line (a low hump extending

from the north to south banks}f the streambed is raised, some streamflow may be directed downward
underneath the raised section, andeth reemerge downstream as upward flow.

The spatial variation of the gradiendsiringPT2is shown irFigure26. Upstream of the center line
D45/D4é6retained its upward gradient, while D43/D44 abd1/D42switched to downwardyradients.
Along the center linegradients were downward except B39/D40.Downstream of the center linghe
gradient atD34/D35was downward, and dd33/D34the gradientwas upvard. Overall, throughout the
stream, there was a noticeable change to dominantly downward gradidaksison (2018) observed
that during pumpingthe gradientwas consistentlypward upstream of the center linédpwnward
across thecenter ling and upwarddownstream of the center lin€Johnson, 2018)
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Figure26: Spatial distribution of theerticalhydraulic gradients in thanstream piezometers duringT2in October
2018 Green circles indicate a positive (upward) gradient; red circles indicate a negative (dowrbhegajrcles
indicate an (approximately) neutral gradiefmone observed during the test)

5.2.4 Uncertainty

The gadient changes durinBT2are similar toPTL, but there are inconsistencies. There could be a
number of reasons for this. First, the pumping rates were different; 287 US gpgeilfand 324 US gpm
for PT2 Second, the tests were conducted at differentésof the year July and October, and
groundwater levels in the aquifer and streamflow (and stage and wetted area) were considerably
different during these times. These factors combined would likely influence how the gradients would
transition from nonrpumping to pumpingonditions. For example, whether a gradient was upward or
downward prior to pumping and how strong that gradient was would dictate how the gradient might
subsequentlychange. Also, the response time of each piezometer is influenced by the K of the
streambal material surrounding that piezometer. A piezometer that is completed in a lower K material
compared to its partner, significantly impacts the gradient response. It is beyond the scope of this report
to fully explore these relationships.

Uncertainty in be vertical gradient estimatess associated with measurement erraorrections and
multiple calculations. The error associated with each measurement of the hydraulic gradient is shown in
Tablell. It was very challenging tmeasure water levels accuratelyoggers were deployed, then
removed, redeployed, etc. over a period from May to October (multiple time series for each
piezometer). While the loggers were intendtdsit on the bottom of the piezometer (to avoid issues
related to depth corrections), there were inconsistencies with the manually measured water dbpths
were used to determine the relative water levels measured bydd#ialogges. One of the main resons

for this was the slow response time of the piezometers. Each time a water level tape was dipped into
the narrow piezometer tube to obtain a manual measurement of water depth, the water level rose in
the piezometer, by perhaps a centimeter. Likewishewthe loggers were deployed there wagimp

in water level that took up to a half hour in most piezometers to recover. Manual water depth
measurements were made frequently prior B31, but when it became obvious that the water levels
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were not recoverig following measurement, this practice ended, and the logger water levels were all
O2NNBOGSR O0KSAIKG F02@0S f233ISND dzAaAy3d GKS al yvys
unaccountedninor shifts in water levels between each time seri@serall,error propagation accounts

for ~4.5 mm for dh and ~6.2 mm for dI.

Tablell: Measurement error associated with the vertical hydraulic gradient determinatfanables are defined
in Appendix B.

Parameter variable Error

Water level tape &, & 3 mm Readability of water level tape + possible
change in hydraulic head in response to
inserting the water level tape in the
piezometer

Survey data n/a 1 mm difference between starting point and the
same point at end of test

Suney data c 1.4 mm The error propagation of the elevation
difference

data loggers bs, by 3 mm Instrument error

Length of L(aorb)and 10 mm Due to measuring tape usage and slightly

piezometer H uncorrected varying lengths from links

Length of L(aorb) variable Error is variable depending on the

piezometer corrected magnitude of the measurement

Top of piezometer a 10 mm Readability and difficulty of use of the

to streambed measuring tape

Hypotenuse of top h 10mm  Readability and difficulty of use of the

of piezometer to measuring tape

streambed

5.3 Streambed Temperature

The TidBit Data loggers were installed as described in SectioAs3dentioned, two streambed
temperature monitoring networks were installed. The background network wsiallad in May and left
in place until late October, anémperatures were loged at thour intervak. These loggers were
attached to the inside of sewer pipe (for shielding) at two different deptine @t the streambedvater
interface and the other 16 crpelow the interfacé. The background network captured both background
conditions and conditions during the two pumping teSike second network was installed for each of
the two pumping tests to accommodate a shorter sdimgp interval (30 seconds) as Wat eag

installation (attached to rebar placed beside the piezometérlg temperature data from both
networks were compared and there were no significant differences in either the patterns or magnitudes
of the temperatures from both networks. Therefqria this report, the background Tidbit time series
data are showrfthe locations of the Tidbit loggers are showrFigure27). This reportfocuses on

general observatins ofthe streambed temperaturesver the full time period and specifically how they
changedduring PT2
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Figure27: Location map for background streambed temperature logdayggers recorded streambed
temperatures at two depths (near the streambed surface and 16 cm depth below the streambed).

Figure28 shows the full streambed temperature time series. Hourly air temperature recorded at
Abbotsford International Airport is shown in grey. From May through-doigt,and from early

September to mieDctober, dailyair temperaturevariations exceed streambed temperature variations.
From midJuly through to earhBeptember, some of the daily streambed temperature variations exceed
air temperature variations, notably in TB9/10, but also in TB1/2 and TB13/14. All of these loggers were
situated near the north stream bank, and during this low flow period, the area was exposed. It is likely
that the proximity of the piezometer tubes and rebar (used for the pumping Tidbit network) caused
localized heating.

Generally, from May to midummer, strambed temperatures gradually increased at all locations and
then began to decrease, due to changes in incident solar radiation over this time period. However, the
general trend is punctuated by somewhat abrupt changes in streambed temperature, likebdrtdat
increases and decreasetstreamflow and/or groundwater contribution©ngoing examination of the
hydrological dataset (streamflow and vertical gradients in the piezometers) is revealing complex
interactions under background conditions related t@nlyes in streamflow (peak flows) and possibly
groundwater contributions. Such changes will undoubtedly affect the streambed temperaRetsled
analysis of the streambed temperature data collected during the full background period (May 25 to Oct
19) isbeyond the scope of this report.

Figure29 shows the streambed temperature data measured overda$ prior to PT2. Streambed
temperatures at all sites display a range of temperature, and generally follow the air temperature
pattern. The overall trend in temperature increased, but from Octobént@ 8" the range in daily air
temperature was lower. Streambed temperatures similarly had a lower range on thosa~ilgy®19
showed that stream discharge had been steadily decreasing prior to OctpbufZon October ¥, it
increased. Abbotsford recorded rain most of the day on OctoBeafd it tapered off to showers on
October &'. Therefore, the lower range in temperature (air and streambed) was likely influenced by
overcast conditions in combination with higher, and cooler stream discharge.
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Figure28: Full time series for background streambed temperatfrom May 10, 201 to October 15, 2018ggers

in the legend are arranged progressively downgradient.
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Figure30shows streambed temperature data from Octobef"'¥6 October B", spanning®T2 During
pumping,the streambed temperatures gradually diverged (i.e. the range increlastdeen Tidbit pairs
at some locations). This increase in temperature range is most apparent in TB1/2 (yefigurieB80),

but also inTB13/14, likely because these TidBits were installed along the bank stfré@nwhere

water depthsbecameshallowerfollowing the previous rain, and possibly due to streamflow depletion
caused by pumpindn contrast, TB6/7 developed a lower range in temperature throughout the
pumping test. Visually, comparifggure29 (pre-pumping) andrigure30 (pumping) the colour spectrum
is very different, despite the same scale and the same order of the Tidbits in the legend.
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Figure30: Streambed temperature datiiom October D" to October 1& spanningPT2 The green vertical line
shows the start of theumping test and the red vertical line shows the end of the pumping test. Loggers in the
legend are arranged progressively downgradigmiggers were retrieved atéhend of the record.

Following a similar approach to Whistler (2018) for Steele Park, acoosdation analysis was
completed to examine the strength of the correlation between streambed temperature at different
locations. For each monitoring locatidhge streambed temperatures were first examined to determine
the leading Tidbit. Recall that the Tidbits were placed at two different depths in the streambed. The
leading Tidbits include@, 18, 3, 7, 10, 12, 14, 16 and (sée the location mam Figure27). Tidbits 18,
3, 16 and 17 were only single Tidbits (not one of a pair). The time series wewislgal intofour time
periods spanning T2 pre-pumping(72 hours pior to pumping), pumping for 72 hourat the end of
pumping during the last 20 hourandduringrecovery for 19 hoursA crosscorrelation analysis was
then completed in Rusing cc2 (crosscorrelation function) for each of thiour periods. Each Tidbitas
compared with all other Tidbits. Tmeaximum correlation and its corresponding lag were identified in
the output.
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Figure31 shows the results for tmperature loggers grouped by locatiowest of the center line, center
line South to North and Center to Easag shown irFigure27). Correlation coefficients arpostive, and
most aresignificant above the 95% confidenieeel. The lag times range fror2 hours to 2 hoursThe

lag times are indicated as color intensitythe figure and the direction of lag by colorhe cc2

calculates the lag for the logger acrdbke top row, relative to the logger in the left column. Therefore, if
a logger in the top row is blue, this means it has a positive lag (or lags behind the logger in the left
column). In contast, redindicatesa negative lag, meaning the logger in the tow isa leading logger.

Prepumping,the Center to Eagupstream)Tidbits TBLOand TB2) lag theWest to Center (furthest
downstream)Tidbits (TB17, TB16 and TB14) by at least a % hour and by up to 2ihdacs.a general
pattern is that from thecenter line to upstream, the Tidbits generally lag or have zero lag with Tidbits
located further downstreanfFigure32). The cause is likely related to stream depth, as the stream
becomes much deeper upstream and so warming of the streambed due to radiant heating would take
longer.This pre-pumpingpatternis generallyconsistentwith the patternduring pumping suggesting

the streambed temperatures were only slightly impacted during pumping (considering the entire
pumping period)Although, there are more cases of near zero gingpumping conditionsAt the end

of pumping (the last 20 hours), there are even more caseemf lag, and aking recovery, most Tidbits
have zero lag.

Interestingly, the results of this study are similar to those reported by Whistler (2018) under pre
pumping and pumping conditions at Steele Park during Phase 1 of this study. Whistler idertifigd
(statistically significan@orrelation between streambed temperatures at different locations in the
stream.Under prepumping conditions, a range of lag times (0 to 45 minutes) was detected between
Tidbit loggers upstream and downstream. During jpimg, however, there was agxtreme decrease in

lag times(0 to 2 seconds) and temperature changes became synchronous throughout the streambed.
Whistler did not examine the recovery Tidbit data.

The thermal response at both field sites was not quite theas. During PT2 at Otter Park it was only
during recovery that a notable decrease in lag occurred, while at Steele Park the decrease in lag
occurred during pumping. Both pumping tests were conducted at essentially the same time of year,
although the duratbin of pumping was different (72 hours for Otter Park and only 2 hours at Steele Park)
and the stream discharge was considerably lower at Steele Park because it is a much smaller stream.
Also, during the pumping test at Steele Park, streamflow remainedestater the 2hour period. At

Otter Park, streambed temperatures were increasing prior to pumghigu(e29) and decreasing during
pumping Figure30). Streamflow had increased a few days before PT2 due to a rain event on October 9
but was declining during the pumping testigure19). Near the end of PT2, stream discharge noticeably
dropped and recovered over a short period, and then generally stabilkigdre20). It was during this
relatively short streamflow recovery period that the recovery period streambed temperatures were
measured. So, possibly the general trend of decreasing streamflow during the pumping test masked an
abrupt synchronization of streambdemperatures. The streambed temperatures near the end of
pumping appear to be transitioning from asynchronous (lagged) to synchronous (no lag).

Finally, it is noted that the same ccf2 approach was used to analyze the data from the pumping network
of Tidhts which were logging at 1€econd intervals, as well as on filtered datasets (every 15 minutes

and every hour). Unfortunately, the loggers were deployed only 30 hours prior to the start of the
pumping test, which limited the data available for analysesmumping. Moreover, one Tidbit (TB39

located near instream piezometer D8%ee Figurell) dominated the correlation analysis.

Nevertheless, the results for all datis (108second, 18ninute, and thour) showed similar spatial and
temporal patterns as the Tidbits from the Background network (discussed above), notably showing a
reduction in the lag among all Tidbits during recovery.
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CCF West to Center Center Line South to North Centrer to East
TB17 TB16 TB14 |TB7 TB3  TBI18 TB2 |TBI0 TBI12
o |TB17 0993 098] 0988 0992 0.98 -15
S [rBI6 0.993 099 0990 0998 0992 O. 0993 0. -1
c |[rB14 0985  0.99 0997 0995 0999 0987 0998  0.99 -05
3 |87 0988 099 0.997 0992 0998 098 0992 0.99 0
o |3 0992 0998 0999 0.992 0994 098] 0993 0.9
5 |rB18 0984 0992 0999 0998 0.994 0984 0997 0.9
TB2 0984 0987 0989 0981 0.989 0.993  0.99
TB10 - 0993 0999 0992 0993 0997  0.993
TB12 0989 0992 0999 0999 0994 0999 0990 0.994
CCF West to Center Center Line South to North Center to East
TB17 TB16 TB14 |TB7 TB3  TBI18 TB2  |TBI0  TBI2
TB17 0994 0971 0985 0995 0.9 OO 0.971  0.983
o |[TB16 0.994 098] 0994 0998 0983 094 0978  0.990
= |vB14 0977 0.981 0992 0979 0998 0971 0998  0.995
c |87 0985 0.994  0.992 0993 099 0967 0986  0.999
g |3 0995 0998 0979 0.993 0981 0940 0975 0.989
TB18 0980 0983 0999 099  0.981 0969 0997  0.998
82 [ o094 097] 090940 0.969 0.982  0.970
TB10 0971 0978 099§ 098 0975 0997  0.982 0.991
TB12 0983 0990 0999 0999 0988 0998 0970 0.991
CCF West to Center Center Line Sto N Center to East
> TB17 TB16 TB14 |TB7 TB3  TBI8 TB2  |TBI0 TBI2
£ |17 0976 0871 0945 0982 0.89 0.872  0.923
g— TB16 0.976 093§ 0983 099 0949 087 0911  0.973
5 |TB14 0871 0.936 0969 093 0991 0949 0993 0.981
i L1 0945 0983  0.969 0988 0986 0929 0957  0.997
o |mB3 0982 099% 093 0988 0.95 0919  0.977
T |B18 0.891 0949 0991 098  0.952 0954 0991  0.99
w |2 BB o057 o099 o JIE# o0.954 0.964  0.943
TB10 0872 0911 0993 0957 0919 0991  0.964 0.974
TB12 0923 0973 098] 0997 0977 0994 0949 0974
CCF West to Center Center Line South to North Center to East
TB17 TB16 TB14 |TB7 TB3  TB18 TB2  |TBI0 TBI2
TB17 0997 0998 0916 0936 0946 0954 0.733  0.617
> |[TB16 0.997 098] 0903 0925 0939 095§ 0725  0.592
Q |rB14 0.995  0.982 087 0.865 0.899 092§ 0.651  0.50%
S [ms7 0916 0903  0.870 0982 0990 0974 0690  0.590
o [tB3 0936 0925 0864 0.982 0994 0971 0730 0.638
@ lreis 0946 0939 0899 0990 0.994 0999 0713  0.600
TB2 0954 0955 092 0975 0977  0.993 0.727  0.595
TB10 0733 0725 065] 069 0730 0713 0.727 0.972
TB12 0612 0592 0507 059 0638 0.600 0599 0.972

Figure31: Stream temperature correlatioroeffidents forfour time periods, spanning the ##urtime period prior
to the pumping test (Octobeth-11th), during pumping (October T114"), at the end of pumping (last 20 hours
on Octoler 14th),and during recovery (October"1-415"). The lag times are indicated as color intensity, and the
direction of lag by coloWiewingthe loggersacross the top rowblue indicates the logger in the top row lags
behind the loggers in the left camn (a positive lg), whereasred indicates tlat loggerleads the logger irthe

left column(a negative lag relativg. High CCE, greater than 6,%reshown in bold type mostare significant
Thesampling interval was hourljuncertainty in lag time is 8.5hour. Temperature loggers are grouped by

locationas shown irFigure32).
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Figure32: Location map obackground Tidbits showing the lag during4pemping and pumping conditions when
patterns are similarBlue (positive lag)indicates a Tidbit generally lags behind the other onegile red
(negative lag) means it leadsA lighter shade of red is used to illustrate the lags may be only slightly negative.

Of note, from aechnical perspective, the Bminute filtered dataset was ideal for the @dinalysis. The
10-second logging interval was too short because the maximomelation (peak) occurred over a wide
range of lags (i.e. there was a broad flat peak). Therefore, the lag corresponding to the middle of the
peak was usedlhe thour filtered dataset was also adequate when data were analyzed over several
days, but wherthe time period is short there are too few data.

6. STREAMFLOW DEPLETMIDDELING

Streamflow depletion modeling was carried out using two approaches. First using the Hunt (1999)
analytical model, and second using a numerical groundwater flow model to sinRil&e

6.1 The Hunt (1999AnalyticalModel

The Huntmodel (1999) was used to model the streamflow depletion in Bertrand Creek and to make
comparisons between the field study resulsgure33). This model was preferred over others because

Al O2yidlAya F LI NFYSGSNI F2NJ I wOf233Ay3 tFa@8SNRO ¢
a semi impervious layer in the streambed with a lower hydraulic conductivity tiaaduifer, which

impedes connectivity between the aquifer and the stream.

The Huntmodel (1999) uses Equatidrto determine stream depletiondQs) normalised to the
pumping rate (Qwas a function of timeThe description of the variables and the detamed values are
presented inTablel2.
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where:

The HuntModel (1999) assumdgiunt, 1999)

Qi Qe— A@B— — Qi

é-l]
|S

(1)

—Vee (2

0 The ratio of vertical to horizontal velocity components is small
0 The aquifer is of infinite extent and is homogenous and isotropic in all horizontal directions
o Drawdowns are small enough compared with saturated aquifexkness to allow the governing

equations to be linearized

0 The streambed crossection has horizontal and vertical dimensidhat are small compared to
the saturated aquifer thickness, and the stream extends from § to y=+o along x=0

o The well fbw rate, Qwis constant for &t <ao

0 Changes in water surface elevatiornthe stream created by pumping are small compared with
changes created in the water tabdm the aquifer side of the semi pervious layer

0 Seepage flow rates from the river into thguifer are linearly proportional to the change in the
piezometric head across the semi pervious layer

Sermipervious
layer 7

-

— 1

-
-
I—‘

[ ]

t

Figure33: Conceptual model presented Byint (1999) of aquifestreamconnectivity that is used to frame the

solution for streamflow depletion.

6.2 Application of the Hunt Model (1999) to the Field Site

Streamflow depletion using the Hunt (1999) method was modelled using a Visual Basic script in Excel

developed by Dr. Bruce Hunt. The spreadsheet used for theseatadas| was designed by Glenn Hall
for usage at Steele PagMall, 2017)Variables used in the modelere determined from the locations of
the field instrumentation and the analysis of the aquifer and streambed hydraulic propditiesssed

in Section 4Tablel?2 briefly describes the source for each varial@é particular note, the verticd of
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the streambed sediments was based on the K values estiirfabten the slug testing results for the

deeper piezometers. Recall that the deeper piezometers had a lower K than the shallow piezometers,
which may reflect a clogging layer. The higher K for the shallower piezometers suggests the absence of a
clogging lagr nearer to the streambed, possildhgcausdiner materials have been more readily

removed as a result of flowing watehd streambed thickness was determined to be the average
separation ¢l) between the piezometer pairdhis separation ifighly uncetain.

Tablel2: Variables for the Hunt (1999) model with their symbols as used in Equdtiand 2, along with a brief
description of how the value was determined.

Variable Symbol Units Value  Description

Distance from well d m 34 Field measurements

to stream edge

Transmissivity T m&hr 11.736 AquiferTestNeumanmethod¢ all
wells

Specific yield Sor$ dimensionless 0.272 AquiferTesNeuman method;
geomean from monitoring wells

Pumping rate Q m3/hr 73.59 Field measurement

Streambed thickness b' m 0.3 Estimate: average separation of
instream piezometers

Streambed K' m/hr 0.0513 Deep piezometer averages from

conductivity slug test

Stream width w m 10 Field measurements

Streambed < m/hr 1.71 Calculated from Equatio?

Conductive

Coefficient

6.3 Streamflow DepletionAnalyticalModeling Results

The Hunt model estimatesjaQs/Qw ratio of (b5 according to the graph at2 hours Therefore, using a

pumping rate of 324 US gpm (73.59m or 0.020 ni/s), and by estimating the area under the curve,

the streamflow depletiomate would beapproximatelyl460m?3 over the 72hour period Uncertainty in

some input parameters, such as specificyield(SF YR &G NBF YOSR GKA (otegn§aa 60 Qu
Syis lowered to 0.15, streamflow depletion at 72 hours would be approximately 1724@inile

AYONBIaAYy3 0Q (2 nodp Y 2NImM YI t26SNAR adNBlIYTt25
m?3, respectively. Therefore, parameter uncertainiyes impact the results, but not substantially.

All of the instream piezometers saw immediate drawdown at the start of pumping regardless of their
location in thestream Interestingly, drawdowrncreased in all piezometers and then peaked at
approximately24 hours into the test (Appendix @fter the 24-hour mark, drawdown decreased and
eventually became negative relative to the initial drawdown. This means that the water levels in the
piezometers had recovered higher than they were at the beginnimiping The maximum

drawdown ranged from approximately 0.@4.06 m (Appendix C). Generally, the pattern of response
was identical among the two piezometers in the pair, although the magnitude varied slightly, suggesting
one piezometer experienced morealwdown that the other one. In all pairs except D33/D34, the

deeper piezometer had the greater drawdown.

Despite the common drawdown patterns observétkere was nambvioustrend in the hydraulic
gradients some piezometer pairs had upward gradients and somgative, and the direction and
magnitude of the gradient varied herefore, it was not possible to determine an average hydraulic
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gradient for the site to estimate the flux through the streambed due to pumphsguming the gradient
during the initial Z2-hour period is representative of the impact of pumping (and not a change in
streamflow due to other factorsthe average gradient amorilgosepiezometer pairghat had a
negative gradientvas-0.28for the first 24 hours. Piezometer paisgcluded from tiis average included
D37/38 (for reasons mentioned previously) and D9/D10, D39/D40 and D45IMd&verage gradient
among those piezometers with a negative gradient from 24 hours to 72 hoursOv@swhich is similar

to the average negate gradient over the first 24 hours. It is noted that the gradient became negative in
D9/D10, less positive in D39/D40, and remained unchanged in D45/D46 from 24 hours to 72 hours.

Usinga negative gradient estimate of 0.3 to represent the entire sitel the K value of the streambed
sediments 2.5x10° m/s), the average downward flux at those locations would have been approximately
7.45¢10° m/s. If the area of the entire streambed between HS2 and HS4 is approximated mf,780

then the volumetric lossfovater would be approximately.8x10° m¥sec or1510m? over the 72hour
pumping period assuming streamflow depletion was taking place at the same rate over the &8tire
hour period this is likelyan overestimate because the rate of streamflow depletvaries over time).

The estimate of streamflow depletion based on the hydraulic gradient across the stregdfifeing) is
similar tothe estimate from the Hunmodel 1460m?3) at the end of pumping. A rough estimate of the
average change istream dischargbetween HS2 and HS4 on the last day of pumping between at 5:00
and 19:15 on October s 0.01 n¥/s (see circled area oRigure20when streamflow noticeable
dropped). This equates to a loss approximately500m? over 14.25 hoursBecause the rate of
streamflow depletion varies (as shownhigure34), this estimate taken near the end of pumping
presumablyunderestimates the streamflow depletio@ver thefull 72-hour period itwould likely

approach the value estimated from the vertical gradients.
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Figure34: Hunt (1999) model of streamflow depletion (normalised with respect to the pumping rate) in Bertrand
Creek using thinput parameters ifablel2 and run for 1000 hourdnset is for the time duration &®#T2(72

hours)
45
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6.4 Numerical Groundwater Flow Modeling

A numerical groundwater fls model was developed for the site using Visual MODFLOW Classic version
2011.1 (Waterloo Hydrogeologic Inc. 2011). This particular software was selected because it includes the
stream boundary conditigrthe newer Visual MODFLOW Flex does not includédthiadary condition.

The main purpose of the modeling was to estimate streamflow depletion by simulating PT2 and
calibrating the model againstte observed heads in the three wells and the deep instream piezometers
(recall there are deep and shallow instream piezometers; the deeper ones were selected for model
calibration to align with the vertical discretization of the model).

6.4.1 Conceptual Hydrogeological Model

Two mainsources of information werased to develop a conceptual hydrogeological model of the site:
1) well lithology log$or severahearbygroundwater wellg§available on iMapBCand 2)well logsfor

PWO01 and MWO03 atifer Park(AppendixA). Two geologic crossections were constructefibr the area
surrounding OttePark Appendix D)Only wellsvithin 700 metesof the park were considerefr site
scale modelBased on théwo geologiccrosssections, the aquifer dily underneath and proximal to
Otter Parkis consideredanostly unconfined and planar (or letike) in shape. At distances further away
from Otter Parkthethickness and extent of these HShésomes uncertain.

Six hydrostratigraphic uni@#SUsere icentified based on these crosections Tablel3 and Figure

35). Tablel3gives a brief description of each HSU along with the minimum and maximum hydraulic
conductivity values (Kmin and Kmax, respectively) estimated from graina&d te interbedded sand
and gravel layer (HSU #3) and the finenediumsand (HSU #4) together form an unconfined aquifer.
Based on théoreholelogs (Appendix A) and grain size resuliable3 and Table4) for PW01 and

MWO03, HSU #3 appears to be heterogeneous and could be divided into an upper and a lower section.
Due to the larg difference in K between HSU #4 and the silt and clay layers (HSUs #5 and #6), the silt
and clay layers can generally be considered aquitards.

Storage propertiesstimateswere onlyavailablefor the unconfined aquifer (HSU #3 and #dsed on
the pumpingtest results Specific storage was estimated at X B° m™* and specific yield at 0.28de
geomean values imable7).

Tablel3: Hydrostratitgraphic units (HSUs) and minimum and maximum hydraulic conductivity values (Kmin and
Kmax) estimated from grain size analyansl the literature

HSU# Description Kmin(m/s) Kmax (m/s)
1 Sandy topsoil 2.1E04 14E02
2 Stream sediments 4.3E04 2.1E02
3 Interbedded sand anc 4.7E05 4.2E02
gravel layer
4 Fine to mediumsand 4.0E05 2.3E02
5 Silt 1.0E09° 5.0E05?
6 Clay 1.0E122 5.0E09?

3 Estimated from Table 2.2 in Freeze and Cherry (1979)
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The Location of the Hydrostratigraphic
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Figure35: Hydrostratigraphic unitsnterpreted from lithology logs from wells near Otter Park, for PWO01 and 81W0
at Otter Park (see Appendix A).

L Groundwater Well

6.4.2 Numerical Model Construction

Model Domain and Discretization

The model domain is rectangule8B50 m wide and 450 m in Igth (Figure36). This width of domain was
chosen for two reasons. First, streamflow was not measured beyotdab81%5, and because a

stream boundary condition was to be used (see below), it was necesshnyitthe domain extento

these furthest upstream and downstream hydrometric statiolso, br the purposes of simulating a
72-hour pumping testijt was thought thathe lateral domain boundariesould besufficiently far away

from PWO01 tcavoidinfluences from the model boundaryThe length of the domain was based on trying
to generate a roughly nortsouthgroundwater flowsystem parallel to the east and west domain
boundaries. Groundwater flow is thought to be highly controlled by topographygemehdwater

should flow from the hillside in the north (which is higher in elevation) towards Bertrand Creek and the
southern border of the model, which are both lower in elevation.
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The domain wasdliscretized into 140 columns and 176 roWwke grid was refied locally around the
wells where head changes would be greatest. Close to the groundwater wells, the model cells are
approximately 1.25 m x 1.3 m, while further away and close to the edges of the model their size
increases to roughly 3.3 m x 8.4 m.

Thesurfacedigital elevationmodel (DEM) was created by merging two datasetst tHsterDEM

created using LiDAR (Light Detection and Randetg)provided bythe Township of Langlggpatial
resolution of 1m and a vertical accuracy of £8@nd2) aprovincial DEM from iMapBBecause the
LiDAR DEM did not cover the full model dombwth datasets were used, with the more accurate LIDAR
DEMbeing overlaid (and taking precedence over) kneer resolutionDEM The two DEMs haa close
agreement in elevation valuebowever,alongthe interface (edges) shared betwebnth DEMs
differences in elevation were up to 1.5 atthough ths magnitude otlifferencewasrare. Commonly

the elevationdiscrepanciesvere around 20 cmWhenimported into the groundwater model, this had

the effect of creating small elevation gains in the aralamgthe interface. This difference was thought

to be small enough to ignorfer a groundwater model

Elevationacross the model domairmnges from30-104 masl The highest elevations are in the

northwest corner, representing a portion of the hillsilegure37 and Figure38). The bottom depth of

the model was selected to be approximately at the depth of the underlying clay layer as seen4n cross
section #1(Appendix D)Furthermore, from crossections #1 and 2, the clay layer vessumed to

extend laterally throughout the Otter Park regidrhe model was discretized vertically into 29 individual
layers each layer is approximately 1.4 m thigkgure37 andFigure38). The bottom elevations for each
layer wereassignedelative tosurface topography. In places where the topography was flat, or only
slightly changing, such as near the groundwater wellsreaad Bertrand Creek, the layeaise roughly

planar, while h areas where topography changes rapidly, the model lagmersurved.
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Figure36: Numerical nodel domain in plan vieshowingthe location of the streanbboundary conditia (blue) and
the wells, instream piezometers and hydrometric stations used for calibrati@nhorizontal grid is not shown for
clarity purposes.

Figure37: EastWest cosssection through th@umericalmodel domain showing HSUs that were assigned unique
K valuesAlso shown are instream piezometers that intersect this eseston.
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Figure38: North-South crossection through the model domaghowing HSUs that were assigned unique K values.
Also shown are wells PWO01 and MWO02 that intersect this «eston.

Hydraulic Properties

DifferentKzones were defined in the model based on the HSUs shoWwigume35. Due to the fine
vertical discretizationi.e. grid layers are approximately 1.4 m thick, individual HSUs span several grid
layers. This is evident dfigure37 and Figure38, which show the model grid and different coloured
property zonesEach property zone wassignedaninitial Kvalue(Table14) roughlymid-range of

values inTablel3. Howeer, HSW3 was divided into an upper and a lower zone according to the well
logs Appendix Aand grain size analysis resultalle3 and Table4) for PW01 and MWQ3vhich were
assigred initialK valueone half order of magnitude differentll values were adjusted during
calibration(final K values iftable14). In Table14, HSUs are shown to havefdrent colours to
correspond with the HSUs rigure37 and Figure38.

Tablel4: Initial estimates of l&nd final values of K in the calibrated madel

Kinitial (M/S) Kiinal (M/S)
1.0E03 1.0E03
2.505 6.0E04
3 upper 1.0E03 5.0E04
3 lower 5.0E04 9.0E05
8.0E04 5.0804
1.0EQ7 5.0E05
1.0E10 1.0E08

Boundary Conditions

Zero echargewas applied to the model because thamping test simulatioperiodis very short.
Moreover,no precipitation fell at the Otter Park siduring this time

The northern and southern boundaries of the model domain were assigned general head boundary
conditions.A general head boundary condition is typically used when a source of wikea known
hydraulic head exists some known distance away from the boun@agy, a distant equipotential
contour). Use of this boundary condition allows the domain to be smaller than would be otherwise
necessaryf the distance sourcevere includedThe static watetevels from nearby wellg/TN92057 and
WTN29107were used to assign the head along the northern and southern general head boundaees.
hydraulic conductivity of the northern general head boundary was assigratlie of 0.001 m/swhile
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the southern boudary wasassigned a value 60001 m/sedased on the general lithology shown in
crosssection #2 (Appendix Dyhe main function of these general head boundaries was to generate a
regional flow fielddirected toward Bertrand Creek

Bertrand Creelitself was assigned aream boundary condition, a type of headkpendent (or Cauchy)
boundary condition that allows for leakage to occur across the boundaryaflux) that depends on the
head difference between the aquifer and the stregdtreamsare defined bysegments For each
segment, the geam stage and volumetric inflow (i.e. streamflow) measured at eachof the

segment along withstreambed top elevation, streambed bottom elevatj@tream widthand
streambed K verticalre entered as inputLeakage across the streambed (to and from the underlying
aquifer) is calculated using a conductance, C, which is defined as the product of the stream width, cell
length and the vertical hydraulic conductivity, divided by the streambed thickiiéssnodelused four
stream segments, with ends anchored to the five hydrometric statjergs segment 1 had H&tl the
upstream end and HS2 at the downstream er8leambed bottom elevatiomwas2 m below the
measured streambed top. THéverticalvaluewas assiged a value 0.0Q m/s.

Model Calibration

The model was calibrated by trial and error, primarily against the observeavimgng observations in
the hydrometric stations, the groundwater wells and the instream piezomegdtiough the overall
model calibration was also assessed using standatitcs.

¢t KS aOF t Ao NI GS R-énigyeznreéning thafithekcanibidtiéns of aimeters exist that
would lead to an equallgcalibrated model. That said, the model was rather sensitive to relatively
minor adjustments in K (but not the staga properties Sy and Ss). If K was lowered too much,
particularly for the main aquifer HSUs, thére simulated drawdown wat®o high, and the model
dewatered and crasked.

Use of thestream boundary conditiopresented challengefer model calibrationFirst, a stream
boundary conditions iplaced as a line in the model, but in reality there is some widthdtveam. This
means that piezometers and hydrometric statiarsed as observation points for calibration hadoe
moved ino cells through which thetream boundary condition line passékhis was particularly
problematic for instream piezometers across the central line of the stream, whidbeatedat
different distances from the pumping wellhaefore, only one central piezometerlDwas used to
represent the group of piezometers across the egrine.

Another issue is thatn reality, pmping wel§ havesome inefficiencyWell inefficiencyannot be
modeled in MODFLOV\i/e., well loss effects cannot be simulate@his means that if you attenpo
match the drawdown in the pumping well, you would need to use a lower K/Ss than represents the
aquifer. Ths causes the simulated drawdownahservation wellso be too high Therefore, for this
model, more emphasis was placed calibrating the observation wellsvith less drawdown than
observed targeted for theumping well.

Uncertainty in the depths of the piezometers (and thus the logger elevations) led to uncertainties in the
calculation of hydraulic head in the piezometersr the purposes of modeling, piezometers were
assigned an initial headlith the samevalueas the nearest hydrometric statiohus, mitial observed

heads in the instream piezometers ranged frégt 086 (at D46 referenced to H3@ 74083 @t D10
referened to HS3jo 73.833 (at D34eferenced to HS4Yor a total range of 0.253 m.

Ultimately, for the instream piezometer calibration, the uncertainties in having to shift piezometers to
bring them closer to the stream boundary condition, the challenges @létation referencing, and the
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similarity of initial heads meant that only relative differences in simulated hydraulic heads could be
examined during calibration.

6.4.3 Numerical Modeing Results
Overall Calibration

Figure39 shows the overall model calibration results all time stepsMost of the calibration points
(instream piezometers and hydrometric stations) are in model layers 3 and 4 (steiments) except
for HS1 which is located in layer™ /01, MWO01 and MWO02 which are in layer 44d MWO3 which is
in layer 21.Theoloured symbols are observations at the end of the simulation (1145@tesnwhile
the black outlined symbols show the & values at different times.

The normalized root mean squaredror (RME) was 4.8% and the correlation coefficient was 0.974.
These excellent calibration results are not unexpected becalisalibration points lie within a very
small range of the ovell range in head across the site.
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Observed Head (m)

Max. Residual: 9.118 (m) at PW/A
Min. Residual: 0 (m) at D34/A
Residual Mean : 0.042 (m)

Abs. Residual Mean : 0.149 (m)

Num. of Data Points : 12288

Standard Error of the Estimate : 0.004 (m)
Root Mean Squared : 0.447 (m)
Normalized RMS : 4617 (% )

Correlation Coefficient : 0.974

Figure39: Overallnumericalmodel calibration results. Results are shown for all time stEps.coloured symbols
are observations at the end of the simulation (11459 min), while the blatkedisymbols represent observations

at other times.
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Time Series Calibration

Figure40shows hetime serieghead versus time) calibratimesultsfor all observation points. The
calibration resultare shownand discussedeparately for the wellghe hydrometric stationsandthe
instream piezometers.

Head vs. Time
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Figure40: Calibration results for all observation points.

Figure41 shows the time series califstion results for the wellsAs discussed previously, the targeted
drawdown in the pumping well was intentionally less than the observed drawdown to account for
potential well loss effects. Overall, the simula@@dwdownchanged more gradually comparedttoe
more abrupt observed drawdowiThe responsesf MW01 andMWO02 (and PWO01) werfound to be
guite sensitive to K. If too low a K was assignetthéolower zone irHSU #3where the wells are
completed),the model crashed because there was too mdcawdown.Ultimately, the K values of
upper zone of HSU #3 and HSU #4 were important for buffering the drawdown.
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Head vs. Time
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Figure41: Calibration results for the wells.

Figure42 shows the time series calibration results for the hydrometric stations. Even though the
observed heads (stages) for each hydrometric station were used to define the stream boundary
condition, accurate simulation of the headstire cell where the hydrometric station was located is
important. Figure42 shows some early time head adjustments that are common in many transient
models, despite exp@anenting with different initial head distributions (e.g. previous model runs).
Perhaps the most noticeable difference is for HS3, which has a simulated head that is more consistent
with what would be expected for its distance downstream of HS2. Noticetleadbbserved heaih HS3
overlaps with HS2. It is unclear why the observed heads at HS3 and HS2 overlap to this degree, but the
simulation results are reasonable in that they show a progressive reduction in head downstream from
HS1 to HS5. The slight rediion in observed stage at around 4000 minutes is accentuated in the
simulation results.

Figure43shows the time series calibration results for the instream piezometers. The first point to
mention is the offset of the observed head in piezometer D34 compared to the other piezometers. D34
is the furthest downstream at the end of a riffle, and the elevation does drop noticeably from D36 to
D34. Also, D34 was the only deep piezometer thatmade drawdowrthan its shallower counterpart
(seeFigure24). The observed heads for all other piezometers plot as a group with very similar initial
heads and responses.
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Head vs. Time
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Figured?2: Calibration results for the hydrometric stations.
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Figured3: Calibration resultfor the instream piezometers.
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The second point is that the simulation generated more drawdown in all piezometers compared to
observed. Moreover, the simulated response of the instream piezometers was overall quite different
than the observed response. Thienulation produced a typical drawdown response in the piezometers
until the end of pumping (at 4520 minutes), followed by recovery. However, the observations show
drawdown at early time (until approximately 1500 minutes), followed by a rapid incredssaa and

then nearing the end of pumping (at around 4000 minutes), the observed heads in the piezometers
drop, similar to what was observed with stream stage. So, something unusual happened in the instream
piezometers that could not be reproduced in thedel. It is interesting to note that the observed
streamflow at HS1 increased on October 12 at 23:45 (this is approximately 28.5 hours into the pumping
test or 1710 minutes (sefeigure20), roughly the same time as the heads in the piezometers increased.
However, the discharge (and stage) did not similarly increase at the other hydrometric stations. So, the
cause of the unusual piezometer heads is not known.

MassBalanae

The overall mass balance ranged freBm% to 1.7%Hgure44). Theseaesultsare generallysatisfactory
asmodelmass balance discrepansshould be less than 5%owever, the mass balance is not stable
throughout the simulationdespite numerous atmpts to alter solver settings to improve the mass
balance. e maximumtotal mass balance errds approxmately-3.4%at 1500 minutes. This
percentagecorresponds to aolumetric discrepancgf approxmately-224 n¥. This is not an
insignificant volumeFor comparison, the volume entering the aquifer from the stream is ~82and

the volume leaving the stream is ~1400 ab 1500 minutes, so @224 n¥ discrepancy is potentially
significant if all of the mass discrepancy is solely associated with thedrafsfater between the
stream and the aquifer. Unfortunatelyhé mass balanceutput does not attribute mass discrepancy to
any particular boundary condition, bdtthis discrepancy is applied entirely to the streambed leakage
then it could account foa sigiificant mass balancerror for this componentThis suggests the
simulated volumetric exchanges associated with streamflow depletion should be viewed with caution.
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Figured44: Model mass balance showing perceigcrepancy throughout the simulation.

Figure45 shows the prepumpingcumulativevolumetric water exchange (leakage) between the stream
and theaquifersystem, where thaquifersystem is defined as all HSUke lower line on the graph
represents leakage from the stream to the aquifer system and the upper line the leakage from the
aquifer system to the stream. Thus, throughout this period, the aquifstesy was losing water to the
stream;although the rate oflossreducedslightlyover timec i.e. the line flattengsimulated volumetric
exchanges are annotated).
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Figure45: Prepumpingcumulativevolumetric water exchange (lkage) between the stream and tlagjuifer
system. Leakage into treguifersystem is shown as the bottom line and leakage fromatigfersystem to the
stream is shown as the top linEhe pumped volume is shown on the far right when pumping begins.

Figure46 shows thecumulativevolumetric water exchange during pumpigso shown is the
cumulativevolumetric outflow from the pumping well. As the volume of watstlthrough pumping
increases, the difference in the leakage in and out reduces. At approxXin2280 minutes (34 hours
into the pumping test), the leakage lines crgagow). This occurs because the leakage from the

aquifer into the streanslows(the line flattens). While, the leakage from the stream into the aquifer
system continues to increase.
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Figure46: Pumpingcumulativevolumetric water exchangedween the stream and thaquifersystem Leakage
from the streaninto the aquifer systensinitially lower thanleakage from the aquifer system to the stream

however, the two lines cross at approximately 2250 minutes (after 34 hoptsmgding). The green line shows the
cumulative volumetric loss of water from pumping.
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At the crossover pointat 2250 minutesn Figure46 (i.e. when the streanfargelyswitched from being
overall gaining to overall losing), the cumulative volumetric excha(igakage out of the aquifer to the
stream, and leakage from the stream to the aquif@ere both approximately 1856 fnAt 4520 minutes
(end of pumping), the cumutie lossfrom the aquifer to the streamwas 2351 mand the cumulative
gainto the aquifer from the streamvas 3927 m for difference ofl576 n¥over a period of 2270
minutes (37 hoursfrom the crossover point. The Hunt model estimatet460m? over the 72-hour
period, while the piezometry estimate wd$10 n¥ over the 72 hous.

Based on the simulation results, the stredangelyswitched from being a gaining stream to a losing
stream approximately 36 hours into the pumping test. This im&amesting result, because the despite
the model uncertainty, at 4:30 am on OctoberM#oughly 33 hours and 15 minutes into the pumping
test), the streamflow noticeably dropped at all hydrometric statidfig)gre20).

7. CONCLUSIONS AND RAGIBNDATIONS

Thefour main objectives of the study were: Eptimae the hydraulic conductivity (K) of the aquifer and
streambed sediments using grain size analysis and slug tegjiggtimate the transmissivity (T),
hydraulic conductivity and specific yield (Sy) of the aquifer from pumping test 8)azharactere the
hydraulic connectivity between the stream and the aquifer; @h@Quantify streamflow depletion during
pumpingand evaluate against a streamflow depletion madel

7.1 Hydraulic Properties

Several methods were used to determine the hydraulic properties of the aquifer and the streambed
sediments at Otter Park.

Five analytical grain size distribution methods were usechtyae the streambed sediment samples, of
GKAOK GKS / KFLdzA&a 61 a RSSYSR (GKS yYz2ad FLLX AOFo6fES
were met. Thegeomeanof the minimum Kvalueswas 6.7%10* m/s and thegeomean of thenaximum
Kvalueswas 4.75x18 m/s (Table9). The BouweiRice and Hvorslev methods were used#timatethe

K of thestreambed sedimentbased on slug testing the deep and shallow instream piezometeffie
deeper piezometers hadgeomeanK of 1.46x10 m/s determined by the Hvorslev method and a
geomearK of 1.39x10 m/s using the BouweRice methodTable9). The shallower piezoaters had a
geomearK of 3.41x16 m/s using the Hvorslev method andyaomearK of 3.77x16 m/s using the
BouwerRice methodTable9). A student #test showed thegeomearK values for the deep and shallow
piezometers are statistically different for the BouwRice method. However, the deep and shallow K
values are still witin the same order of magnitude. The slightly lower K of the deeper piezometers may
reflect retention of fines of the deeper piezometer in the streambed compared to the shallower
piezometers in the streambed.

Foraquifer sedimentsthe Chapuis method wadsm the most applicable, witheomeans of the
minimum and maximunkKvaluesranging from 2.12x16to 1.55x1@ m/s for sediments from PWO01, and
from 1.44x10 to 1.11x1C* m/s for sediments from MWO3T@ble10). The minimum and maximum K
values produced by the Chapuis method bracketrigge ofK valuesleterminedfrom other methods.
For example, for the slug/bail test dathe Hvorslev method gavekaof 7.62x10 m/s and the Bouwer
Rice method gave a K of 5.49%1/s (Table10). Using dta collected durind?T2 aK value of 1.29x10
m/s was estimated with the Neuman method andavalue 06.51x10* m/s from the Theis Recovery
method (Tablel0).
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Overall, the results from all methods suggest that theakie for the aquifer is approximately one half

order of magnitude highethan the streambed sediments, which indicates the likelihood of the instream
piezometers king screened in a clogging layer (layeratdtivelylower K compared to the aquiferThe

range of K values for the streambed sediments determined from both grain size analysis and slug testing
suggests the streambed sediments are spatiadiierogeneous, both laterally and verticallyhe

implications of heterogeneity in streambed sediments is discussed in Section 7.2.

7.2 Hydraulic Connectivity and Streamflow Depletion

A streamflow rating curve was very difficult to construct for the site.|l@hie rating curve during the

early summer likely provides fairly accurate estimates of streamflow at the five hydrometric stations,
the accuracy of the rating curve diminished over the late sum(ogy flow period)due to difficulties in
measuring flowthe presence of significant instream vegetation, and beaver ac{ivigure9). Outside

the late summedow flow period,HS1 (the most upstreanepnsistently had theilghest discharge

followed byHS2andHS3. Discharge at HS4 and M®8Ee of similar magnitude (curves almost

overlaped), despite being closer together than HS3 and H&4dreduction in streamflow from HS1 to
HS5 suggests that Bertrand Creek is losingeundtural conditions from upstream to downstream
through the site. The lower magnitude decrease in streamflow from HS4 to HS5 suggests that there is
little to no groundwater contribution (or indeed loss to groundwater) along this reach.

Prior toPT2 dreamflow was decliningvhich made it difficult to determine whether any streamflow
depletion was occurring during pumpingll of the individual instream piezometers had an immediate
response to pumping evidenced byapid dropin head.Drawdownoccurredin all instream

piezometers until approximately 24 hours into the pumping test when maximum drawdown was
attained. Thereafter,until the end of the pumping test, the drawdown reduced and indeed became
negative (water levels in the piezometers were highert before pumping commenced). Vertical
hydraulic gradients at each piezometer pair location were complex both prior to pumping and during
pumping. The overall pattern sugge#sit prior to pumping there was a mix of upward and downward
fluxesacross thestreambed at the sitepossibly resulting from variations in streambed morphology in
combination with variations in hydraulic conductivity. During the pumping taskt piezometers pairs
had downward flows

Streambed temperatures also differed ppemping, during pumpingand postpumping During PT2 the
difference intemperaturesat two depths in the streambegdraduallyincreasedi.e. the range increased
between Tidbit pairs at some locationghis increase in range was most noticeable in Tidbitsdalcat

near the stream bank. The cause of the increase in uncertain but is likely relatesl streambank

locations becoming more exposed as #ieeamflowdeclined following aainy period two daygrior to

PT2 or possilly dueto progressive streamflow dégtion during the testinterestingly, the time lag

between Tidbits located upstream to downstream, which had been as high as 2 hours, reduced to near
zeroduring the early recovery periodhe streambed temperature data will be examined in more detalil
aspart of ongoing research.

The variability in gaining or losing conditions along the stream made it difficult to characteri
streamflow depletion with absolute certainty. However, several lines of evidence suggest that
streamflow depletion occurredl) Duing the pumping test, streamflow decreased gradually at all
hydrometric stations, but most notably right near the end of the test (Figure 20). The same
phenomenon was observed durifRJ1. The onset of streamflow depletion was delayed as might be
expected lecause pumped water initially derives from storage and it takes time for the pumping effects
to propagate to the strean) Once the pump was shut down the streamflow rebounded sligtg)y.

Prior to and following pumping, the streamflow at HS4 was cosdist higher than at HS5, while during
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the pumping test the streamflow was almost the same magnitude as at4)}8hiring pumping, the
streamflow magnitudes at HS1, HS3 and HS4 were more similar than at any other time during non
pumping conditions (FigurE9). The same phenomenon was observed dumiiy

Over the 72 hours of pumping durilRy 2 streamflow depletion estimated from the vertical hydraulic
gradients was 1510 #nAn estimate ofictual streamflow depletion of 500 fwas made using the rate

of decline of streamflow over the last 14.25 hours of the test. This estimate is highly uncertain because
streamflow had been declining prior to pumping. It is not possible to estimate streamflow depletion
over the full 72 hours ahe testusing direct observationdut it was likely higher than 500°m

The Hunt (1999) model estimated streamflow depletion to be approximately 146ven the 72 hours,
similar to the value estimated from the vertical hydraulic gradients (15390Thenumerical
groundwater flow model of the PT2 estimated streamflow depletion at 1576wvmar that last 37 hours
of the pumping simulation. Prior to 37 hours, the stream continued to be gaining, with a switchover
from gaining to losing occurring at 37 heurhus, theestimate from the numerical model is based on
when the stream switched from being a net gaining stream to a net losing stid@mdoes not mean
that streamflow depletion was not occurring along different sections of the stream earlieein th
pumping testThus, the estimate of 1576%should perhaps be considered a lower estimate.

Another important uncertainty related to the estimate of streamflow depletion fritv@ numerical
groundwater flow model is thenodelmass balance erroMass balace errors arise because the
mathematical solution is inaccurate (i.e. the bank account is not balanced). Typically, a mass balance
error less than 5% is considered acceptable. Inddeslidtal massbalance discrepancy was below 5%
over the entire simulabn (i.e. it was acceptable); however, the discrepancy was not sfabéd-igure

44). During the pumping period, the maximum total mass balance gmaxtuallydroppedfrom -0.88

(right before pumping) te3.4%(at 1500 minutes)This percentageorresponds to a volumetric
discrepancy of approximatef224 n¥. For comparison, at 1500 minutes, the volume entering the

aquifer from the stream is ~820%and the volume leaving the stream is ~140%) s &224 nm?

discrepancy is potentially significant if all of the mass discrepancy is solely associated with the transfer
of water between the stream and the aquifer. Unfortunately, moahelss discrepancy caat be

associated with any particular boundary condition (i.e. mass discrepancy is for the entire model, not its
parts) So, the estimate of streamflow depletion from the groundwater flow model is uncertain.

A separate sensitivity analysis was carriedasipart of this study (results now shown hefE)e
numericalmodel wasverysensitive to the hydraulic conductivity estimates, particularly those of HSU #4.
Lowering K of HSU #4 by any more than 0.0001 m/s caused the model to crash (heads dropped too low
in the pumping well)Changesn K values for the othddSUgroduced little or no change in calculated
hydraulic head valuesimilarly, changes in specific storage @&$)nfluence the headsbut much less

so than K

The stream boundary condition prasted some challengasith regard to the relative placement of
instream piezometers that were used as observation poiteeam boundary conditions are lines
havingno actual width, salespite having piezometer data across the streamlogdly single
piezaneterswere placed at different distances along the stredftoreover, only one piezometer in the
nest was used because the vertical discretization could not be refined sufficiently in the top lgyes to
a computational layer thickness of 30 cm (theetiénce in depth between instream piezometers).
Neverthelessstreamboundary conditios are reallythe only suitable option when using a groundwater
flow codeto simulate streamflow depletionOther options, such as constant head or river boundary
conditionsspecify the headstage)along the entire length of the feature, which defeats the purpose of
the modeling to explore howxchangedetween the aquifer and the stream influence the stage
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In addition, the stream boundary conditiavasdivided into fow segmentswith the ends of each
segmentanchoredat each of thefive hydrometric stations. This means that the stage and streamflow
were specified at these five locatigrend adjustments to the stream stage due to exchanges between
the stream and the aquifer could only occur in between these anchoring points. This is a limitation of
the model. Ideally, the stage and streamflow would only be specified at the upstreanoamtstieam
ends, allowing stage to vary along the entire stream reach in an unconstrained fashiattempt was
made to anchor the stream boundary condition at HS1 (furthest upstream) and HS5 (furthest
downstream)and thus allow the stage to vary alorgetentire reachUnfortunately, the model was too
ill-constrained and could not be satisfactorily calibrat€dus, groundwater models have important
limitations for simulating streamflow depletiodueto how wellmodelboundary conditions represent
the real systemldeally, an integrated model would be usewhichexplicitly models the stream and the
aquifer, along with the exchanges.

One final consideration related to hydraulic connectivity and streamflow depletion are the implications
of streambed sedimat heterogeneity.This heterogeneity will impact the response of the instream
piezometerdo changes in gradiertt.e. relative changes in stream stage and groundwater level),
however those may be causelh fact, the lower K values for the deeper piezoerstompared to the
shallower piezometersauseahe deeper ones to respond more slovitychanges in stream stage,
whichmade the vertical fluxes difficult to interpret.

Perhaps a more important consequence of heterogeneity of the streambed sedimémas &nalytical
models, such athe Hunt (1999) modeldo not account for heterogeneifgither in the aquifer or the
streambed sediments)ertical heterogeneitpf the streambed sedimentsan be accommodated in the
analyticalmodel by calculating an efftve vertical K for layered medisge Freeze and Cherry, 1979);
althoughthis was not done in this study. However, lateral heterogeneity cannot be accommoidated
the Hunt and similar analytical streamflow depletion mod#&iscontrast, patial heterogerity can be
accounted for in numerical models by varying the aquifer materials underlying the stream and/or
adjusting the conductance values. For this study, the conductance value was uaifogithe stream
boundary condition. Both the Hunt model and themerical model were sensitive to changes in vertical
K (or conductance), so it is very important to collect sufficient field data to define the spatial variability
of K across the site.

7.3 Recommendations

Several recommendationare made foredudng datauncertaintyin any followup field studies at this
site or elsewhere

Alarge group of people volunteerdd install the instream instrumentation (piezometers, hydrometric
stations, etc.) and while this was a great benefit in terms of manpower, thisedtesmomewhathectic
environment which led tosome mistakes andertain details not being recordestcurately For
example, alpiezometers were meant to be installed with ~30 cm vertical separation between the
nested pairHowever, me pair (D37/D38) was installed at approximately the same depth, which
increased the difficulty of accurately determining witjmately resultingn anomalous vertical hydraulic
gradient datalncreased communication and/or reduced group size for field work could reduce the
possibility of details being overlooked.

Removal of dataloggers from instream piezometers andieployment followingdownloading of data

and reprogrammingwas a task delegated to different volunteers over the course of the project. While
dataloggers did have serial numbers on them, and were associated with specific piezometers, it is
possible that one or two got mixegwhen being redeployed in the pair. This could possibly account
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for unusual gradient measurements in the full time series. A list of serial numbers / piezometer should
be consulted each time a logger isdeployed.

Data management was a challenge. Fostely, one individual was responsible for downloading data
and reprogramming the loggers. That likely helped to reduce etdowever, he datafiles accumulated
over the course of the project were numerous. Multiple time series data had to be mergetthéoge
generate a complete time series. Each time loggers were removgapggammed and raleployed,
there were breaks in the data that had to be carefully examit#itimately, a huge amount of time was
spent collating and filtering data and verifyitige continuityand formattingof datesand times so that
the data could be plotted in Excel (which does not handle date and time very well).

One possible issue with the datasetates to time. One site laptop was used as the primary laptop for
downloadingand reprogramming loggers. However, occasionally a second laptop was used. Part way
through the project, the team discovered that the loggers used in the hydrometric stations should
standard time, as this is done by convention across Canada. Subseqtientiaptop was changed to
standard time (from daylight savings time), but this could have resulted in a shift of an hour in the
datasets that was not properly accounted for in the collated data. It is recommended that standard time
be used in future, regdless of provincial time.

Anotherwas barometric compensation. The research team had used several barologgers (for
redundancy), but the sampling intervals were often inconsistenime logged every second or at other
intervals (for background and pumpitgst measurements in wells and instream piezometers), while
some logged every 15 minutes (for the hydrometric statioBs)inst Leveloggers wetsed in the
wells/instream piezometers, while Hobo loggers were used in the hydrometric stations. Hawdagtat |
one (and ideally two) barologgers specifically associated with each logger type and purpose is
recommended.

Streamflow rating curves pred challenging to construciwo flow meters were used for development

of the rating curve at Bertrand Creek, attety were estimated at to have a 10% difference in

streamflow readings. Additionally, increasing the precision of the stream stage readings on the
hydrometric station would also result in an increase in precision and reduce the uncertainty associated
with stream dischargdn this study, most streamflow measurements were made in May, prior to the
low flow period when the rating curve became inaccurate. Streamflow should be measured at regular
intervals

DuringPTlL, an adjustment to the flow was made by thamping contractor to keep the discharge at

the agreed upon level prior to pumping. Thidjustment significantly compromised the pumping test
data. For the second pumping test, the pumping contractor was given clear direction not to make any
adjustments ¢ the pumping rate, and the data curve was much improvdanping rates should not be
adjusted during the test, particularly at the beginning of the test.

7.4 Continuing Research

Continuing research at the site in Phase 3 involves a hydroecological compoevelop a more
comprehensive understanding of the linkages between instream flow conditions (streamflow,
groundwater exchanges, streambed temperature, streambed morphology, water chemistry) and aquatic
communities The study is currently focusing banthic invertebratesout may be expanded to include

fish, notably the endangered Nooksack Daehase 3 will include an-depth analysis of the datasets
acquired during Phase 2 undsummer backgrounchpn-pumping conditionsalongside new datasets
collected in summer 2020
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During Phase 2, the research team noted significant declines in streamflow during the late summer at
Otter Park. To explore and quantiéyxchanges between the aquifer and Bertrand Creek at a regional
scale, a numerical groundwater flowoael of Bertrand Creek Watershed has been developexdails

on the model design and findingsll be described in a forthcoming/ater Science Seriesport.
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Figure A: Well log for Pumping Well PWO0L1 at Otter Park, Langley.
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Project: Client: Well #
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Address, City, State Drilling Contractor: Drill Rig Type
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Figure R: Well log foMonitoring Well MVO3 at Otter Park, Langley.
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Figure B: Location of nearby watewells relative to PWO01 (source: iMapBC)
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APPENDIX BCORRECTIONS FOR CAATING VERTICAL IRADLIC GRADIENT IN
INSTREAM PIEZOMETERS

Calculating the hydraulic gradient between the nested piezometers was asteptprocess. Two
approaches were used depending onatier the piezometer was installed vertically or at an angle. All
variables used in EquatioB4 to B4are displayed ifrigure B1

ds

bs

Data Loggeri “
|

hs| dz| o Jﬁ
G—Data Logger

Figure B1: Piezometer geometry for conceptually calculating the hydraulic gradient between nested pairs. The
subscripts s and d represent the shallow and deep piezometers, respectively.

ba/hq

™ Y Y
o O O

The difference in hydraulic head, dh, between each piezometer pair was calculated by first referencing a
single point in time water level measurement made by the logger agdiesi¢pth to water level

measured from the top of casing using a water level tape. The relative elevations of top of casing of each
piezometer had been surveyed on May 11th 201&e difference in the hydraulic head was calculated
usingd&E e @ © EquationBl, where the piezometer

with the higher top of casing elevation was the reference point. As illustrated in Fguthe equation

is:

a0 & 9 » w EquationB1

where:
aq = depth to water in the deeper piezometer; measured with a Solinst water level tape
as = depth to water in the shallower piezometer; measured with a Solinst water level tape

¢ = the difference in elevation of the top of casing of the piezometers.
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This single point in time dh value was then used to calculate the exact difference in logter de
between each pair, dz, using Equatigt

Qa ® QO o Equation B
where:
* is determined by whether the shallow or deep piezometer has a higher hydraulic head
bq = the height of the water column in the deep piezometer
bs = the height of the water column in the shallow piezometer

dh as calculated using Equation 1.

The separatin dz should be the same as dl if the loggers indeed rested on the bottom of the
piezometers. The dz value was used calculg{&tuation B3) for use in EquatiBs to calculate the
hydraulic gradient.

N O Qa EquationB3

QI ONN VO Qee o— Equation B
where:
dh = the difference in head between the data loggers in nested pairs

dl = the separation between the bottom depths of the nested pairsuyaed to be equal to the
separation between logger depths (dz))

hs = hydraulic head in the shallow piezometer

hs= hydraulic head in the deep piezometer

Because it was not possible to install all piezometers vertically @iguneB1) due to cobbles inhe
streambed, corrections had to be made for piezometers that were installed at afiitpse B2)The
corrected length(s) were then applied to the vertical hydraulic gradient calculations when necessary for
dl in EquatiorB5. As for the verticgbiezometersdz was assumed equal to dl.
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Streambed |

Ld

FigureB2:Piezometer geometry for calculating the hydraulic gradient between nested pairs when one (or both) is
not installed vertically.

— wéi- EquationB5

i AT Bz0 1 EquationB6
where:

a = is the adjacent length in the angle between the piezometer and the vertical; it was measured from
the top of the piezometer straight down to the streambed

h = the hypotenuse value in the angle been the piezometer and the vertical; it was measured from
the top of the piezometer to the streambed along the length of the piezometer

3- =the angle of tilt

cLs = corrected length of the shallow piezometer

For tilted piezometers, no correction for dhneeded because only the vertical component of pressure
is measured by the transducer. Thus, the values dar liss remain unchanged.

WATER SCIENCE SERIES N1®20-03 70



APPENDIX CDRAWDOWN AND HYDRAUIGRADIENT MEASUREINSTREAM

PIEZOMETER PAIRS INGRPUMPING TESTPT2)

=== D9 Drawdown  ====D10 Drawdown == Gradient
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Figue A.: Drawdown and vertical hydraulic gradient in D7/D8 duii@
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Figure @: Drawdown and vertical hydraulic gradient in D9/D10 duf@
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Figure @: Drawdown and vertical hydraulic gradient in D37/D38 duRA@

Figure @: Drawdown and vertical hydraulic gradient in D39/D40 duRiig.
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