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FORWARD

by Water Protection & Sustainability Branch, Ministry of Environment & Climate Change Strategy

This report was prepared by Hy-Geo Consulting in June 2018 for the B.C. Ministry of Environment and
Climate Change Strategy and the Ministry of Forest, Lands, Natural Resource Operations and Rural
Development under contract with the Government of B.C. The intent of this project was to develop and
test an initial approach for estimating available quantities of groundwater for allocation, particularly for
areas with limited groundwater information.

Hy-Geo Consulting developed a spreadsheet based preliminary assessment tool termed the
Groundwater Allocation Methodology (GWAM). Hy-Geo tested the GWAM approach through
comparisons with four previously developed aquifer water budgets, which indicated GWAM is useful for
compiling, interpreting, and comparing water budgets for particular aquifers or study areas of interest.

Results with GWAM depend on the availability and accuracy of the data sets, the validity of the
hydrogeologic conceptual model, and assumptions made in the water budget. There can be a high
degree of uncertainty due to lack of key data and imprecise estimates that are often associated with
analysis of hydrologic systems. Commensurate with uncertainties, GWAM provides conservative
estimates for groundwater availability. Accordingly, Hy-Geo states GWAM should be viewed as a
preliminary decision support tool and not utilized in isolation as an allocation tool. Uncertainty in
allocation quantities can be addressed by using GWAM to focus characterization and data collection on
the most sensitive water budget components, and by employing more than one methodology for
estimating allocation quantities and comparing results for consistency.

The work and conclusions expressed or implied in this report are those of Hy-Geo Consulting and should
not be interpretated in any way as representing provincial government water management policy or
practice. This report has been prepared for government staff as a supporting assessment tool for
consideration as an initial estimation of available quantities of groundwater for allocation. The scope of
this work does not comprehensively address the technical complexities and policy challenges associated
with groundwater allocation among the diverse landscapes of B.C.
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EXECUTIVE SUMMARY

This report outlines a methodology termed the Groundwater Allocation Methodology (GWAM) for
estimating available quantities of groundwater for allocation purposes based on simplified water budget
equations for known aquifers or areas where groundwater is of interest. While the methodology can be
used generally it was developed specifically for areas with limited amounts of groundwater information.
The method involves estimating the annual groundwater recharge quantity for an area by evaluating
available hydrologic information on the other components of the water budget including current water
use and environmental flow needs (EFN). EFN requirements are estimated based on a percentage (0 to
100 %) of the annual groundwater outflow or discharge. A confidence factor B, between 10 and 25% is
then applied to the available quantity to assign a maximum annual allocation quantity above current
use.

The GWAM was tested in four different aquifer areas in British Columbia where groundwater budgets
had been previously completed. Aquifers tested included:

(a) Gabriola Island, representing a Type 5(a) fractured bedrock aquifer system along the southeast
coast of Vancouver Island, near the city of Nanaimo;

(b) The Westwold Valley Aquifer representing a Type 1(b) unconfined, unconsolidated sand and
gravel aquifer situated within the Salmon River Valley in the southern interior of the province,
southeast of the city of Kamloops;

(c) The West of Aldergrove Aquifer representing a Type 4(b) confined, unconsolidated sand and
gravel aquifer in the Fraser Valley, west of the city of Aldergrove; and

(d) The Mill Bay Aquifer representing a Type 4(a) unconfined, unconsolidated sand and gravel
aquifer on the southeast coast of Vancouver Island, near the town of Mill Bay.

Overall results of the testing indicated that the GWAM is a useful preliminary assessment tool for
compiling, interpreting and comparing the results of one or more water budgets that may have been
conducted of any particular aquifer or area. The GWAM can be used as a stand-alone spreadsheet for
conducting a water budget analysis of an aquifer or for incorporating data and documenting methods
from previously prepared water budgets.

The GWAM provides conservative estimates for groundwater availability (Qavanr) above current
estimated use and quantities available for future allocation (Qawioc), including consideration of EFN. As a
potential allocation tool, the GWAM should be viewed as a preliminary decision support tool and not
utilized in isolation. Results of using the methodology are dependent on the availability and accuracy of
the data sets examined, the validity and specifications of the conceptual model of the aquifer
developed, and assumptions made in the water budget. A high degree of uncertainty, lack of key data
and imprecise estimates are often associated with any analysis of hydrologic systems. The degree of
certainty can be improved by using the GWAM to focus characterization and data collection on the most
sensitive components, employing more than one methodology and comparing results for consistency.

Given the large degree of uncertainties in estimating various components of water budgets, efforts to
refine the estimates of groundwater use should be considered before allocating any significant
groundwater quantities for future use. Efforts to improve the accuracy of current groundwater use
would be especially beneficial. Licensing of groundwater use and annual reporting requirements
provide an opportunity to improve the water use estimates that have been made to date.

In evaluating the results of any water budget analysis it would be prudent to also consider any indicators
or evidence of any groundwater stresses that may be occurring in the area of investigation related to:
water quantity conflicts such as well interference, reported wells going dry, well deepening, declining
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groundwater level trends, reduced spring flows, degradation of physical or chemical water quality
including salt water intrusion, groundwater-surface water conflicts, drought impacts, low flow concerns
and potential impacts on aquatic habitat and fisheries.

Recommendations for future consideration include:

(a) Conducting a survey of the specific methods used by other provinces and territories in Canada
to determine groundwater availability and allocation quantities.

(b) Conducting a regional mapping program aimed at delineating groundwater discharge areas for
all mapped aquifers, sensitive streams and streams with Water Allocation Restrictions.

(c) Developing baseflow indices (BFI) for watersheds in British Columbia where hydrometric data is
available.

(d) Utilizing interdisciplinary teams of hydrologists, hydrogeologists and biologists to plan,
investigate and integrate their approaches in future groundwater budget studies.

(e) Develop a standard set of symbols and terminology used to identify the specific budget
components and subcomponents that are normally evaluated in groundwater budgets.
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1. INTRODUCTION

Hydrogeologists with the Ministry of Forests, Lands and Natural Resource Operations and Rural
Development (FLNR) and the Ministry of Environment and Climate Change Strategy (ENV) have
identified the need for developing a relatively fundamental and practical methodology to determine
groundwater availability for a given aquifer or area to assist with groundwater allocation decisions
under the Water Sustainability Act (WSA). Previous investigations outlined in the 2014 Ministry of
Environment report entitled, Preliminary Conceptual Models and Water Budget Methodologies for
Aquifers in British Columbia identified available water budget methodologies and procedures that could
be utilized by water managers or licensing officials to assist in the groundwater licensing process.

In December 2016-February 2017, Hy-Geo Consulting developed a groundwater allocation methodology
(GWAM) based on water budgets for the Ministry of Forests, Lands and Natural Resource Operations.
The fundamental methodology included; (1) quantifying average annual recharge including both direct
infiltration of precipitation and subsurface flow (using aquifer type), (2) identifying and quantifying
existing groundwater use and, (3) assessing hydraulic connectivity between groundwater and surface
waters to estimate requirements for groundwater-dependent aquatic habitat. Based on this approach a
portion of the unused groundwater (i.e., groundwater that is replenished annually that is not currently
used or needed to support ecosystem health) would be considered available for future allocation.

1.1 Project Goals

The goal of this project was to review, adapt, refine and apply the GWAM methodology developed in
2016-2017 for determining groundwater availability for allocation in four areas in the province where
previous water budgets have been completed. The project was undertaken utilizing available data and
reports and did not involve any new data collection, use of proprietary databases or field studies.

1.2 Project Objectives

The main objectives or outcomes for the project were:

1. To complete a final report in a Water Science Series format documenting the GWAM
methodology and results of application to four test areas.

2. To test the GWAM using data from four test areas with existing water budgets and utilizing
sensitivity analysis to determine the effects of varying key parameters.
To provide guidance on the use of the GWAM for different aquifer types.

To refine a user-friendly Microsoft Excel® spreadsheet utilized to estimate groundwater
availability and future allocation quantities for the test areas analyzed.

5. To determine groundwater availability above current use and potential allocation quantities
based on the GWAM.

6. To provide recommendations for future investigations to support water allocation decisions in
the province.

1.3 Report Outline

The report is set out in five main parts as follows;

PART 1 - Developing the Equations for the GWAM.

PART 2 - Development of the GWAM Spreadsheet Workbook
PART 3 - Application of GWAM to Four Test Aquifer Areas
PART 4 - Overall Conclusions

PART 5 - Recommendations for Future Consideration
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Part 1 discusses the main factors involved in defining and determining groundwater availability, the use
of water budgets for various aquifer types and the inclusion of groundwater discharge components for
meeting environmental flow needs. Part 2 describes the GWAM user-friendly spreadsheet developed for
water budget calculations. Part 3 discusses the four aquifer areas that were examined and tested using
the GWAM. Part 4 provides a summary of the overall results of the testing and Part 5 discusses key
recommendations as a result of the project.

2. PART 1-DEVELOPING THE EQUATIONS FOR THE GWAM

2.1 Concept of Groundwater Availability

While knowledge of the amount of groundwater available in a particular area or aquifer for any period
of time is a desirable goal for managing water resources, determining this quantity can pose several
challenges. Some of these challenges, as outlined by Reilly et al., (2008) and others, for example, are:

1. Some of the groundwater may not be economically recoverable or of poor or undesirable
quality.

2. Some of the groundwater withdrawn in one part of an aquifer may not be consumed and may
be returned to another part of the aquifer.

3. Groundwater withdrawals may affect groundwater quality and the amount and quality of
interconnected surface waters.

4. The effects of drought conditions and pumping withdrawals are not necessarily instantaneous
and often require time to propagate through the hydrologic system.

5. Shallow aquifers may respond differently to changing stresses (inputs and outputs) in
comparison to deeper aquifers situated in the same area,

6. Groundwater withdrawals can change the dynamics of an aquifer’s natural recharge and
discharge regime, increasing recharge, decreasing discharge and removing water in storage
(Alley et al., 1999).

The concept of groundwater availability is multifaceted and may be qualified in terms of quantity,
timing, sustainability, water quality, means of accessibility, environmental, regulatory policy and
socioeconomic factors that control its demand and type of use. The sustainability of groundwater is
dependent upon many factors, including: the potential depletion of groundwater in storage, reductions
in streamflows, loss of wetland and riparian ecosystems, land subsidence, saltwater intrusion, and
changes in groundwater quality (Reilly et al., 2008). Groundwater budgets are a key to understanding
the sources of water for a groundwater system and how water diversions can change the components of
flows in the hydrologic cycle. A water budget quantitatively accounts for the inflows, outflows, and
changes in storage of a hydrologic system and can provide an indication of groundwater available for
use (i.e. groundwater availability). Groundwater availability is a quantity, whereas, a groundwater
budget is a water accounting process used to provide information on water availability.

Groundwater availability is a quantity, whereas, a groundwater budget is a water accounting process
used to provide information on water availability.

Under predevelopment conditions, water entering a groundwater aquifer or aquifer system, referred to
as recharge, is generally balanced over the long-term by groundwater leaving the system (discharge).
This general relationship is shown in Figure 1A. Sources of recharge generally include: (a) areal recharge
from precipitation that percolates through the unsaturated zone to the water table, and (b) infiltration
recharge from losing streams, lakes and wetlands (Alley et al., 1999). Healy (2010) defines recharge, as
the downward flow of water reaching the water table, adding to groundwater storage. Recharge is
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usually expressed as a volumetric flow, in terms of volume per unit time (L3/t), such as m3/d, or as a flux,
in terms of volume per unit surface area per unit time (L/t), such as mm/yr (Healy, 2010).

A PREDEVELOPMENT
Recharge Discharge
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) stored in the system >

Figure 1: Water budget relationships for a groundwater system under (A) predevelopment and (B) development
conditions. Figure adapted from Alley et al., 1999.

Natural discharge sources include; (a) outflow to streams, lakes, wetlands, springs and saltwater bodies
(bays, estuaries, or oceans), and (b) groundwater evapotranspiration. Under groundwater pumping or
other development conditions, e.g. drainage works, the source of withdrawals needs to be supplied by;
(1) more water entering the groundwater system (increased recharge), (2) less water leaving the system
(decreased discharge), (3) removal of water that was stored in the system, or some combination of
these three (Alley et al., 1999). Removing water from the system doesn’t necessarily cause an increase
in recharge, but it could.

Changes in the flow system including some removable water in storage enables groundwater to be
diverted for allocation purposes. How much groundwater is available for this use ultimately depends
upon how the changes in inflow and outflow affect the surrounding hydrologic and physical
environment. As human activities change the system, the components of the water budget (inflows,
outflows, and changes in storage) also will change (Alley et al., 1999). In addition to human-derived
stress, the possibilities of long-term droughts and climate change may also result in reduced
groundwater recharge and groundwater availability.

Groundwater systems can change in response to development and should be monitored and evaluated
on a regular basis to quantify the amount of water available for use and the ramifications of using the
resource, (Council of Canadian Academies, 2009).
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2.2 Water Budgets, Aquifer Types and Recharge Equations

The 2014 Ministry of Environment report entitled, Preliminary Conceptual Models and Water Budget
Methodologies for Aquifers in British Columbia provides a starting point for examining the water budget
equations that were developed for the various types of aquifers found in British Columbia. Appendix A,
Table Al outlines the representative water budget equations that were developed for each aquifer type
and subtype. Further information on aquifer types is available in Wei et al., (2009 and 2014).

A water budget simply states that, the difference between the rates of water flowing into and out of an
aquifer is balanced by a change in water storage (Healy et al., 2007) and can be expressed as:

Flow In — Flow Out = Change In Storage (Equation 1)

The following major inflow, outflow and storage components are shown in the equations listed in
Appendix A, Table Al.

Inflow Components

P = precipitation (rain and snow)

@V, = surface water inflow

Q°%,, = groundwater inflow

R = groundwater recharge (based on all sources)

QCWtek, = groundwater leakage from overlying deposits (confined aquifers)
Q'RReturn. - = jrrigation/septic return flow

Outflow Components

ET = evapotranspiration

QCWeump . = groundwater pumping

Q*Weump, . = surface water pumping

Q. = surface water outflow

Q%%,,: = groundwater outflow
Storage Components

ASSW = change in surface water storage

ASY = change in groundwater storage

A review was conducted of these previous equations and a revised set of simplified equations for each
aquifer type was developed for the recharge factor (R) based on the fundamental water-budget
equation for a watershed outlined by Healy (2010) which when using the above symbology, and not
considering the unsaturated zone, can be expressed as:

R =P + stin + QIRRetuml_n -ET-A SSW_ QSWout - QSWpumpout (Equation 2)

Equation 2 is applicable to unconfined aquifers.

R can also be expressed as:

R = ASW+ Q%Wour + Q°WPU™ e - QWi (Equation 3)
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Equation 3 is applicable to both unconfined and confined aquifers.

Table 1 shows the suggested recharge equations for the various aquifer types. Recharge in these
equations may represent a portion of the precipitation that percolates through the unsaturated zone to
the water table plus any infiltration from surface water sources (losing streams, lakes and wetlands)
over the aquifer, plus any irrigation/septic return flow and in the case of confined aquifers, leakage from
overlying units. These general equations are meant as a guide and may need to be modified depending
upon the conceptual model developed for any particular aquifer and availability of data on individual
components.

In terms of these equations, the groundwater recharge component (R) is a principle indicator of the
potential amount of groundwater that may be available for future use for any time period examined.

It should be pointed out that these equations are meant to be used as a general guide only and should
be reviewed in context with the conceptual aquifer model that is developed for each aquifer or area
under investigation. Some components such as P are measured or extrapolated from measured sites
while others may need to be estimated using various methods available. Estimates of some
components, for example, such as @*W,.: in some cases may negate the need to account for

Q*Weump . Groundwater inflow Q®%;, is not considered part of recharge R, but is related to the
difference between Q%%,,: and Q%%;, in Equation 3 (Healy, 2010).

The groundwater recharge component (R) determined from these water budget equations is a principal
indicator of the potential amount of groundwater that may be available for use for any time period
examined.

A number of other jurisdictions, for example, Prince Edward Island (PEI Department of Environment,
Labour & Justice, 2013), the Waikato Regional Council in New Zealand (Waikato Regional Council, 2016)
and Government of Western Australia (Department of Water, 2013) set groundwater allocation based
on a percentage of precipitation recharge only. It should be noted that different jurisdictions may
define and quantify recharge in different ways. Due to the complex nature of recharge processess,
however, an exact determination of recharge is not possible (Healy, 2010).
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Table 1. Summary of representative recharge equations for various aquifer types.

TYPE | DESCRIPTION REPRESENTATIVE RECHARGE EQUATIONS COMMENTS
A. |UNCONSOLIDATED AQUIFERS
predominantly unconfined aquifers changes in surface water storage 4 $° along
1. |of fluvial or glaciofluvial origin, streams not considered for unconsolidated
along river or stream valleys aquifers
Equation 2: P, ET and Q%" will likely be
aquifers along major rivers of Sw IRR significant. Recharge primarily due to
1a. ; R =P + s eturn, _ ET - SW _ w _ ASWpump
higher stream order Q"+ Q n AS"-@%u-Q out infiltration of precipitation and surface
water.
if I i f moderat
1p, |29uIers along rivers ot moderate as above P, ET and Q*" will likely be significant
stream order
if I | der (< 3-4
1c. | 2auiters aiong fower or er ( ) as above P, ET and Q*" will likely be significant
streams
. ) . hydraulic connection with surface waters
predominantly unconfined deltaic S . .
2. . as above significant, recharge primarily due to
sand and gravel aquifers o . s
infiltration of precipitation and surface water
predominantly unconfined alluvial hydraulic connection with surface waters
3. [fan, colluvial sand and gravel as above significant, recharge primarily due to
aquifers. infiltration of precipitation and surface water
A sand and gravel.agun‘ers of glacial
or pre-glacial origin
redominantly unconfined sand and Equation 2: P and ET will likely be significant,
4a. |P Nty ) T IR = P o+ QWi + QRRetum, _ET - A SSWiakes_ W - @SWPUmP . | recharge primarily due to infiltration of
gravel aquifers of glaciofluvial origin s
precipitation and surface water.
Equation 3: (a) P and ET may not be
redominantly confined sand and significant, (b) Mountain Block Recharge
b :ravel aquifer\s/ of glacial or pre- R = Q"o = (QWour + Q°WPU™Poy) - (Q°%in) + ASC™ | (MBR) and leakage under pumping conditions
’ glacial origin where AS°W = (Q°%;, + QGWLeak,.n)_(QGWpumrJout + QY,,) |from overlying layers may be significant.
Recharge primarily due to leakage from
overlying formations.
predominantly confined sand and Equation 3: (a) P and ET may not be
gravel aquifers associated with significant, (b) Mountain Block Recharge
glaciomarine environments (MBR) and leakage under pumping conditions
4c. as above

from overlying layers may be significant.
Recharge primarily due to leakage from
overlying formations.
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Table 1 (cont.): Summary of representative recharge equations for various aquifer types.

TYPE

DESCRIPTION

REPRESENTATIVE RECHARGE EQUATIONS

COMMENTS

B.

BEDROCK AQUIFERS

5.

sedimentary rock aquifers

5a.

fractured sedimentary bedrock
aquifers

R =P + stin + QIRRetumin -ET- A SSWLakes_ stout _ QSWpumpout

Equation 2: (a) P and ET will likely be less
significant and limited by aquifer
storativity, (b) groundwater flow and
available storage calculations should be
considered. Recharge primarily due to
infiltration of precipitation and surface
water.

5b.

karstic limestone aquifers

as above

(a) ET may be less significant, (b) aquifer
storativity may be highly variable and
high in some areas, (c ) groundwater flow
and available storage calculations should
be considered,(d) interaction with
surface water regimes likely. Recharge
primarily due to infiltration of
precipitation and surface water.

crystalline bedrock aquifers

6a.

flat-lying or gently-dipping volcanic
flow rock aquifers

as above

(a) ET may be less significant, (b) aquifer
storativity may be highly variable and
high in some areas, (c ) groundwater flow
and available storage calculations should
be considered,(d) interaction with
surface water regimes likely. Recharge
primarily due to infiltration of
precipitation and surface water.

6b.

crystalline granitic, metamorphic,
meta-sedimentary, meta-volcanic and
volcanic rock aquifers

as above

(a) P and ET will likely be less significant
and limited by aquifer storativity, (b)
groundwater flow and available storage
calculations should be considered.
Recharge primarily due to infiltration of
precipitation and surface water.
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2.3 Determining Groundwater Availability and Sustainability

The concept that the development of a groundwater system is considered to be “safe” if the rate of
groundwater extraction does not exceed the rate of natural recharge has been referred to as the
“Water-Budget Myth” (Bredehoeft et al., 1982). It is a myth, because it is an oversimplification of the
information that is needed to understand the effects of developing a groundwater system. The Expert
Panel on Groundwater also advises that naive usage of the recharge calculation from a water budget (or
some percentage of it) as a direct estimate of sustainable groundwater yield is not recommended
(Council of Canadian Academies, 2009). Van der Gun and Lipponen (2010), nevertheless, contend that
evaluation of recharge is important for rational planning of groundwater development and
management.

Various jurisdictions determine groundwater availability in different ways. The Waikato Regional Council
in New Zealand, for example, estimates groundwater availability based on 50% of groundwater recharge
derived from precipitation, allowing the remaining 50% to be lost via springs and submarine discharges
(Waikato Regional Council, 2016).

Alley et al., (1999), define groundwater sustainability as the “development and use of groundwater in a
manner that can be maintained for an indefinite time without causing unacceptable environmental,
economic, or social consequences.” The definition of “unacceptable consequences” is largely subjective
and may involve a large number of criteria. Even with assumptions about acceptable changes, the
concept of a sustainable quantity of groundwater may not be realistic in light of potential changes in
hydrology from land-use activities and climate change as urbanization and agricultural developmentin a
basin will affect infiltration, runoff, evapotranspiration and recharge, effectively changing the hydrologic
cycle through time (Alley and Leake, 2004).

For British Columbia, the groundwater availability or groundwater available for use for an aquifer or
aquifer system can be expressed as the quantity of water (Qavar) that is available for future use over
time (t) without causing unacceptable environmental, economic or social consequences.

For purposes of this project, only the physical hydrologic quantity and timing aspects for individual
aquifers and areas hydraulically interconnected with surface waters are being considered to determine
groundwater availability. Water quality, economic and social factors are not addressed in this
assessment.

If a specified time period is considered, the quantity of groundwater available for future use (Qavar) can
be expressed as;

Qavar = R - QPP ou- o QYour (Equation 4)

where:

Qavar = potential quantity available for future use;
R = recharge quantity;
QSWeump . = quantity of existing groundwater pumping;

Q%%,,: = quantity of groundwater outflow or discharge including the groundwater-derived baseflow
component (Q%gf) of interconnected streams; and

a = percentage of groundwater outflow needed to meet environmental flow needs (EFN).

In British Columbia environmental flow needs (EFN) are defined in Section 1 of the Water Sustainability
Act (WSA) as, “in relation to a stream, means the volume and timing of water flow required for the
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proper functioning of the aquatic ecosystem of the stream.” Groundwater diversions from aquifers that
are hydraulically connected to a stream can significantly diminish streamflow, particularly in small
streams during critical low flow periods where groundwater discharges contribute a high percentage of
base flow in streams (FLNR and ENV, 2016). WSA also defines critical environmental flow threshold, as:
“in relation to the flow of water in a stream, means the volume of water flow below which significant or
irreversible harm to the aquatic ecosystem of the stream is likely to occur”. Further discussion on
assessing groundwater quantities for meeting environmental flow needs is provided in Appendix B.

Equation 4 can be related to the groundwater footprint (GF) developed by Gleeson et al., (2012)
wherein:

GF =A[QGWpumpout/(R - aQGWout)] (Equation 5)

The groundwater footprint (GF) is defined as the area required to sustain groundwater use and
groundwater-dependent ecosystem services of a region of interest (A), such as an aquifer, watershed or
community (Gleeson et al., 2012).

2.4 Time Period Dependence

Concepts of groundwater availability and “safe yield” are almost always defined in terms of an annual
water withdrawal, while sustainability often examines a longer term approach utilizing groundwater in
storage during periods of drought balanced by replenishment during wet periods (Alley and Leake,
2004). Under the Water Sustainability Act most water use authorizations are allocated on the basis of a
daily or annual quantity. Determining groundwater availability on an annual basis, therefore, would
seem most appropriate. Nevertheless, assessing seasonal dependent requirements such as EFNs and
monthly variations in recharge and discharge components should also be considered.

A conservative approach, would be to consider a worst-case climate scenario (e.g. the driest year on
record for a given area) while a more reasonable approach could be based on data for the normal or
average year on record. In terms of evaluating groundwater availability over the long term and properly
account for annual precipitation (P) variability, Ponce et al., (2000) recommend using the average value
of P for the past N years of record, in which N is the typical recurrence interval of drought events in the
given geographical location. For most regions of practical interest, they report that N varies between 3
and 25 years, being 3-6 years for arid regions, 6-12 years for semiarid regions, and 12-25 years for
subhumid regions (Ponce et al., 2000).

Determining groundwater availability on an annual basis would be appropriate as the majority of water
use authorizations in British Columbia are allocated on the basis of a daily or annual quantity.
Nevertheless, assessing seasonal dependent requirements such as EFNs and monthly variations in
recharge and discharge components should also be considered.

2.5 Availability Versus Allocation Limits

Some jurisdictions such as Prince Edward Island (PEIl), for example, have limited groundwater allocation
on the basis that up to 50% of the annual precipitation recharge could be extracted without adversely
impacting the environment (PEI Department of Environment, Labour & Justice, 2013). In addition, PEI
has introduced a policy for groundwater extraction that specifies groundwater extraction should not be
permitted to reduce the mean summer base flow in the main branch of streams by more than 35%. In
PEl, mean summer base flow is referred to as the Reference Base Flow (RBF), and is determined as the
median of base flow for the period of August through September.
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As discussed earlier, the Waikato Regional Council in New Zealand (Waikato Regional Council, 2016),
estimates groundwater availability based on 50%of groundwater recharge derived from precipitation,
allowing the remaining 50% to be lost via springs and submarine discharges. They also recognize that
50% is not conservative enough to adequately protect connected surface water bodies. Elsewhere, in
the Bay of Plenty Region in New Zealand, the regional council has set an interim groundwater allocation
limit at 35% of the average annual precipitation recharge (Bay of Plenty Regional Council, 2016). In the
Canterbury Region of New Zealand, Environment Canterbury (2004) has established 30 Groundwater
Allocation Zones and specified that allocation limits are to be annual volumes with interim limits set
using a precautionary approach to protect environmental values. They utilize two alternative methods
for determining interim allocation blocks; (a) as 15% of average annual rainfall (1st order approach) or,
(b) if there is sufficient data, as 50% of average annual land-surface recharge including the recharge
component contributed by intermittent streams (2nd order approach).

In Western Australia, the Department of Water (2013) sets allocation limits for various aquifers and
areas based on a percentage of the annual precipitation recharge recognizing:

(a) a component for consumptive use and,
(b) water to be left in aquifers to maintain water quality, aquifer productivity, groundwater-
dependent values and other non-consumptive uses.

For administrative purposes the Department of Water (2015) divides the allocation limit into three
portions, namely:

(i) water available for licensing,
(i) current licensed use, and
(iii) unlicensable use (e.g. stock and domestic).

In the Gingin groundwater area of Western Australia, for example, allocation limits for various aquifers
range from 20 to 90% of the annual precipitation recharge volume (Department of Water, 2015). It
should be noted that allocation limits in Western Australia are not set arbitrarily, but are developed as
part of an allocation plan based on hydrogeological considerations and consultation with stakeholders.
The limits are not necessarily fixed but subject to future monitoring, evaluation and planning revisions.
Figure 2 illustrates the relationship between groundwater availability and an allocation limit for the
Gingin groundwater area in Western Australia.

In British Columbia, the water budget analysis undertaken for Mayne Island (Ministry of Environment,
2015) reported recharge amounts, equivalent to about 25 to 30% of the annual precipitation, to
represent the maximum potential amounts available for allocation purposes and recommended an
interim safety factor of at least 50% (i.e. approximately 12 to 15% of normal year precipitation) for
future groundwater allocation decisions.

A survey of the specific methods used by other provinces and territories in Canada to determine
groundwater availability and allocation quantities has not been carried out for this project. There may
be some merit in contacting the various agencies responsible for groundwater allocation across the
country to assess their experience with this activity.

Various jurisdictions determine and quantify groundwater availability and groundwater allocation in
different ways dependent upon which factors they consider important.
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Figure 2: Relationship between groundwater availability and an allocation limit for the Gingin groundwater area in
Western Australia. Adapted from Department of Water (2015).

2.6 Hydrologic Uncertainties and Safety or Confidence Factors

Any methods used to assess groundwater availability in an aquifer or area will introduce a level of
uncertainty due to the inherent heterogeneity of natural hydrologic systems and inadequacies in data
required to characterize the systems accurately (National Research Council, 1997). Uncertainties related
to groundwater quantification can include, for example, insufficient or erroneous data from imprecise
measurements and observations, sampling errors, or statistical errors, inappropriate model
assumptions, and inadequate characterization of subsurface hydrology. Uncertainty with regard to
potential future effects of severe, long-term droughts and climate change may also need to be
considered in evaluating groundwater availability. Further discussion on uncertainties related to
assessing groundwater availability for the test areas is presented in Sections 4.3 to 0.

In light of the potential uncertainties associated with any water budget analysis it may be prudent to
assign a safety or confidence factor when evaluating quantities (annual volume) of groundwater for
allocation purposes, considering:

Qauoc = B Qavan (Equation 6)

where:

Qaioc = quantity available for future allocation;

Qavar = potential quantity available for future use; and

B = confidence factor (e.g. percentage).
The value of B could be set by policy, as this has been done by other jurisdictions mentioned previously
(e.g. PEI, Waikato Regional Council), or tailored to specific aquifers and areas as done in Western

Australia (Department of Water, 2015). The latter approach would be more scientifically-defensible and
area-based.
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The general relationship between groundwater availability and allocation limit for an aquifer or area,
suggested for British Columbia, is illustrated in Figure 3. The average annual recharge quantity would be
based on an estimate of all known sources of recharge and could be determined by considering normal
precipitation or “worst case” drought conditions. Estimated current groundwater use in Figure 3 would
include licensed and unlicensed (domestic) wells. Groundwater available for allocation includes;
approvals and future wells to be licensed. Under Sections 39 through 41 of the Water Sustainability Act,
the Lieutenant Governor-in-Council may reserve all or part of the water that is in the stream or the
aquifer, and that is unrecorded for various purposes including for the benefit of the Crown and for
treaty First Nation water reservations.

Safety Factor

Groundwater

AVAILABLE FOR for Allocation
FUTURE USE Qiiioe

including RESERVES
Qavan

ESTIMATED
CURRENT USE

ENVIRONMENTAL FLOW
NEEDS e

average annual average annual
recharge quantity recharge quantity

Figure 3: Proposed relationship between annual quantity of groundwater recharge versus groundwater available
for allocation in British Columbia, incorporating an appropriate allocation safety factor.

2.7 Determining an Allocation Safety or Confidence Factor

An allocation safety or confidence factor for any area or aquifer could be set by policy, through a
groundwater allocation planning process, during an aquifer characterization investigation, stakeholder
consultation process or other methods that assess aquifer complexity and various degrees of
uncertainty. The process could also be linked with EFN assessments of interconnected surface waters.
Aquifers or areas for example where there is a high degree of uncertainty with regard to the
determination of water availability could be assigned a low confidence factor (e.g. = 10%). Aquifers or
areas where there is a higher degree of certainty could be assigned a high confidence factor (e.g. = 25%).
A confidence factor of 25% would be equivalent to assigning a safety factor of 75%.

One possible method for assigning preliminary confidence factors would be to use an aquifer rating
guide or screening tool that identifies and qualitatively assesses the importance of a number of key
aquifer criteria for estimating groundwater availability in any area. Such criteria could include, for
example: aquifer morphological considerations, aquifer type, availability of meteorological and
hydrogeologic data, importance of connected ecosystems, degree of hydrologic complexity, number of
watersheds involved, reported water conflicts in the area and other related issues.
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2.8 Proposed Aquifer/Area Rating Guide or Screening Tool

An interim aquifer/area rating guide, applied to a specific aquifer or area, could for example, result in
assigning one of three levels of confidence, where the level of confidence factor £ in the allocation
determination (Equation 5) ranges from 10 to 25%. This guide is regarded as a conservative measure
due to the often limited availability and uncertainties associated with groundwater data and would be
subject to revisions dependent upon the results of future groundwater monitoring and evaluation. A
maximum confidence factor of 25% is currently proposed which would be equivalent to assigning a
safety factor of 75%. The three confidence levels would be as follows:

Levell where g = 10% (low level of confidence)

Levelll where g = 15% (moderate level of confidence)

Levellll where g = 25% (high level of confidence, e.qg. detailed characterization,
such as calibrated numerical model).

The tool could be used to prioritize aquifers before conducting a groundwater budget or aquifer
characterization project and also after a water budget assessment is completed and all available
hydrologic information has been analyzed in more detail.

Appendix C, Table C1 outlines an interim aquifer and groundwater area rating guide, showing the
parameters or general criteria involved in assessing the confidence level for a specific aquifer, aquifer
system, groundwater region or area. A brief discussion of the parameters, sources of information,
scoring and weighting factors for the rating guide is provided in Appendix D. The rating guide provides a
semi-quantitative and qualitative measure and is subject to information being readily available for the
aquifer or area under consideration.

An example application of the rating guide is provided in Appendix C, Table C2 for the Abbotsford
Aquifer indicating an overal confidence factor of 17.5%. Information including aquifer descriptions for
the Abbotsford Aquifer from the Aquifer Classification Database (Ministry of Environment, 2018a) and
data from Ministry of Environment (2014) was used to complete the rating guide form. In terms of an
allocation safety factor for the Abbotford Aquifer, the rating indicates a relatively high level of
confidence, approaching Level lll.

A second example in Appendix C, Table C3 illustrates the guide applied to the Mayne Island bedrock
aquifers, showing an overal confidence rating of 14.6%. Information for the Mayne Island bedrock
aquifers was obtained from Ministry of Environment (2015). In terms of an allocation safety factor for
the Mayne Island bedrock aquifers the rating indicates a moderate level of confidence, close to Level Il.

2.9 Environmental Flow Needs (EFN) Methods Used in British Columbia

A provincial EFN policy has been developed to guide the review of water applications in their
consideration of environmental flow needs (FLNR and ENV, 2016). The policy outlines an environmental
risk management framework and identifies three levels of risk management measures used to assess or
mitigate potential effects of withdrawals from a stream.

Hatfield et al., (2003) have developed instream flow thresholds as guidelines for reviewing proposed
water uses in the province. They are generally referred to as the BCIFN method (Western Water
Associates, 2014). These provide seasonally adjusted thresholds for alterations to natural stream flows
that are expected to result in low risk to fish, fish habitat, and productive capacity. Lewis et al., (2004)
describe methods for assessing aquatic habitat and instream flow characteristics in support of
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applications to dam, or divert water from streams in British Columbia. The assessment methods are a
set of endorsed techniques for assessing flow alterations on British Columbia streams, and ultimately for
studying their ecological effects (Hatfield et al., 2003). They are used as part of the process to
determine environmental flows at a more detailed level.

For fishless streams, Hatfield et al., (2003) recommend a flow threshold to be a minimum instream flow
release equivalent to the median monthly flow during the low flow month. For fish-bearing streams,
Hatfield et al., (2003) recommend a flow threshold to be a seasonally-adjusted threshold calculated as
percentiles of mean natural daily flows for each calendar month. The percentiles vary through the year
to ensure higher protection during low flow months than during high flow months. The maximum
diversion rate is determined as the Qgo for both stream types (i.e. where flow is exceeded 80% of the
time). For fishless streams, the environmental "cut-off" flow is determined as the Qso during the low
flow month where the low flow month is defined as the calendar month with the lowest median flow,
based on natural mean daily flows. The recommended environmental flow thresholds for fish-bearing
streams are adjusted on a monthly basis wherein the environmental flow for the lowest flow month is
set as Qqo, and for the highest flow month as Q. For all other months the environmental flow
thresholds are calculated as a percentile between Qg and Qa0 using a weighted function (Hatfield et al.
2003).

In the Okanagan Basin of British Columbia, ESSA Technologies Ltd., and Solander Ecological Research
(2009) completed an instream flow needs analysis for 38 Okanagan tributary streams using a
combination of two peer reviewed methods, 1) the Hatfield and Bruce (2000) meta-analysis approach,
and 2) the BC Phase Il Instream Flow Guidelines or BCIFN method (Hatfield et al., 2003). In 2014 as part
of the Okanagan Water Allocation Tool Plan, ESSA Technologies Ltd., recommended using the BCIFN
flows developed for the Okanagan Basin and developing specific operational EFNs or OEFNs that are
more applicable to drier years (Okanagan Basin Water Board, 2014).

For groundwater dependent ecosystems and in the absence of detailed scientific assessments of
environmental flow needs, Gleeson and Richter (2016) suggest that high levels of ecological protection
would be provided if groundwater pumping decreases monthly groundwater derived baseflow by less
than 10% through time. In terms of an annual groundwater allocation for an aquifer, this presumptive
standard suggests that any groundwater allocation for any use should not be allowed to deplete the
baseflow quantities of any interconnected streams by more than 10% at any time.

2.10 Quantifying the Groundwater Component for Meeting EFN

As indicated previously in Section 2.3, the groundwater component maintaining environmental flows
can be represented as a percentage of the groundwater outflow, & Q% , for an aquifer or area as
shown in the earlier equation:

Qavar = R - Q°"WPU™P - a2 QWout (Equation 4)

where Q%%,,: represents the quantity of groundwater outflow or discharge including the groundwater-
derived baseflow component (Q°Wgf) for interconnected streams. Q%Wo,: can be expressed as:

QYour = Q%Viatour + QVer (Equation 7)

where:

Q%Yiatout = quantity of lateral groundwater outflow or discharge, and
Q°Yer = quantity of groundwater-derived baseflow.
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These relationships are shown diagrammatically in Figure 4 for an unconsolidated unconfined aquifer,
hydraulically interconnected with a stream that flows into a lake. Surface water flowing into the lake is
augmented by groundwater discharge into the lower reaches of the stream (i.e. gaining stream). The
aquifer is recharged by infiltration of precipitation and leakage from the stream (losing stream) in the
upper reaches of the stream.

ET r

Water A Recharge Discharge B
table Qv Zone Zone

m

UNCONSOLDATED, — = <
AQUIFER  _

» QY

BEDROCK
AQUIFER

Groundwater
Flowline

Figure 4: Schematic cross section illustrating relationships between groundwater- derived baseflow (Q®Wgr), lateral
groundwater outflow (Q®Wiatout ) and surface water outflow (Q*Wout) for an unconsolidated aquifer and
interconnected aquifer-stream system.

In terms of environmental flow considerations the groundwater derived baseflow component in this
situation at critical times could be a significant portion (up to 100%) of the streamflow in the lower
reaches of the stream. Groundwater flow quantities (volume with time) into the stream would depend
upon the hydraulic conductivities of the aquifer and stream bed, hydraulic gradients in the aquifer,
groundwater pumping and water levels of the stream and the lake. Hydraulic conditions in the
underlying bedrock aquifer may also be a contributing factor.

Quantifying the groundwater contributions to EFN from hydraulically interconnected aquifers would not
be a simple task given the inherent challenges (complexity of methods, limited data availability and
resources required) for determining and setting EFN for streams in British Columbia. Assumptions could
be made that groundwater derived baseflow (QGW £) is always equal to groundwater outflow (QWout )
and that groundwater derived baseflow (Q%g) is always equal to surface water baseflow (Q*"Wg)
determined from stream hydrograph analysis methods. These assumptions might be applied on a
regional watershed basis but may not be realistic at an aquifer scale.

In some situations, Q%Wiat.out could be negligible in which case

Wour = QVWpr (Equation 8)
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Figure 5 and Figure 6 illustrate some of the variations that may be found in groundwater-surface water
interactions in three different hydrologic situations and the potential effects on groundwater derived

baseflow.

A Water Recharge EDischargo Recharge Discharge . Recharge B
table . Gaining Losing Gaining Losing |
£ S S Stream

QW

' THIN
\w ALLUVIUM

QGwIn

BEDROCK

AQUIFER

Groundwater —
Flowline _ s >

Gw Gw
(@) Q7 gr<<Q’ jutout

Recharge Discharge Recharge B

Groundwater
Flowline
BEDROCK
AQUIFER
GwW Gw QG latout
(b) Q 8F<<<<< Q lotout

Figure 5: Schematic cross-sections (a) and (b) illustrating variations in GW-SW interactions and potential effects on

groundwater derived baseflow.
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Figure 5(a) depicts groundwater movement in a bedrock aquifer discharging in places to a stream
channel filled with thin alluvial deposits. Groundwater derived baseflow occurs along three reaches of
the stream. The stream also loses water along some reaches of the stream, recharging the shallow
groundwater regime. A hydrometric station (stream gauge) in the lower reaches of the stream would
record the cumulative baseflow constributions upstream. In this situation Q®Wsr<< QWjst.oue for the
bedrock aquifer.

Figure 5(b) illustrates a a bedrock aquifer overlain by an alluvial aquifer that thickens downgradient
along a stream. Groundwater discharge to the stream, occurs in the upper reaches of the alluvial
aquifer. Groundwater flow in the alluvial aquifer is then primarily in a lateral direction. A hydrometric
station (stream gauge) in the lower reaches of the stream may record only a smaller portion of
groundwater baseflow that occurred upstream. In this situation Q%Wgr<<<<< QWjat.0ur for the alluvial
aquifer.

Figure 6 illustrates a bedrock aquifer overlain by an alluvial aquifer that varies in thickness downgradient
along a stream. Groundwater discharge to the stream occurs in zones in the upper reaches of the alluvial
aquifer and at downstream reaches immediately above a hydrometric station. The hydrometric station
(stream gauge) records a significant portion of the baseflow in the alluvial aquifer. In this situation Q°Wgr
= QWiat.our for the alluvial aquifer.

Recharge Discharge Recharge Discharge Recharge
A water Zone Zone Zone Zone Zone B
table Losing Gaining Losing Gaining Losing
Stream Stream Stream Stream Stream
A\Q%,
N in
B : Staff
Ve Gauge
GW,
= Q BF stout

->

Figure 6: Schematic cross-section illustrating further variations in GW-SW interactions and potential effects on
groundwater derived baseflow.
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It is not feasible to accurately determine the groundwater contributions to EFN without having the
benefits of an EFN assessment, a baseflow analysis of the surface water streams involved and a good
understanding of the GW-SW interactions in the aquifer or area under investigation. A suggested
interim approach would be to make a subjective, qualitative estimate of the potential significance of
groundwater to EFN based on the development of a conceptual aquifer model (CAM) for the aquifer or
area of investigation, observed GW-SW relationships as indicated in Appendix B, Table B3 or other
evidence available. Based on the most probable degree of groundwater interaction with interconnected
surface waters, an interim EFN factor ranging from 10 to 50% could be assigned to the aquifer or area of
investigation as follows:

Low EFN factor where « 10% (low degree of groundwater interaction)

Moderate EFN factor where ¢« 25% (moderate degree of groundwater interaction)

High EFN factor where « 50% (high degree of groundwater interaction)

The appropriate factor could then be used in Equation 4 to estimate the quantity of groundwater
available for future use (Qavar). These factors should be regarded as interim and subject to further
testing, investigations and specific evaluation of the EFN for any interconnected streams involved.
Where warranted EFN factors above 50% could be assigned for very sensitve aquatic ecosytems. During
critical low flow periods an EFN factor of 100% may be desireable for ecosystem protection.

A low EFN factor (a = 10%) for example, would result in 10% of the total groundwater outflow assigned
to meet environmental flow needs. A high EFN factor (a = 50%) for example, would result in 50% of the
total groundwater outflow assigned to meet environmental flow needs. Gleeson and Richter (2016),
suggest that high levels of ecological protection would be achieved if groundwater pumping decreases
monthly baseflow by less than 10% through time. This would be equivalent to an EFN factor of 90%
assuming that groundwater-derived baseflow (Q%WsF) is always equal to groundwater outflow (Q%%Wout ).

In terms of applying the water budget approach for determining groundwater available Qavar for a
specific aquifer or areas that are connected with surface waters, assigning an EFN quantity as a
percentage of Q%W,,: rather than Q%Wsr is suggested for the following reasons:

1. hydrometric stations and data to determine baseflow and groundwater-derived baseflow
(Q%%ge) are not available for all surface water streams in British Columbia;

baseflow may originate from other sources apart from groundwater-derived baseflow (Q%%gs);
hydrometric stations specifically record surface flows only and not subsurface flows directly;
where available, hydrometric stations may not be suitably located for aquifer analysis;
groundwater budgets are generally applied on an aquifer or area basis and not specifically on a
watershed basis; and

6. aquifer/area boundaries do not necessarily coincide with watershed boundaries.

vk wnN

In hydrologic situations where good hydrometric data is available and the groundwater-derived
baseflow component can be adequately quantified with some confindence, a more accurate estimate of
EFN dependent on groundwater may be achievable in comparison to estimating a portion of Q%Wou:. In
assigning an EFN factor on an annual basis, investigators should consider the adequacy of the EFN factor
assigned for protecting ecosystems during critical low flow periods. Further discussion on assigning an
interim EFN factor is provided in each of the four case examples discussed in Sections 4.3 to 0 of this
report.
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2.11 Summary for Developing the Equations for the GWAM

A series of fundamental recharge equations were developed for the various aquifer types found in
British Columbia by modifying and adapting the water budget equations originally contained in the 2014
Ministry of Environment report entitled, Preliminary Conceptual Models and Water Budget
Methodologies for Aquifers in British Columbia. Recharge in these equations may represent a portion of
the precipitation that percolates through the unsaturated zone to the water table plus any infiltration
from surface water sources (losing streams, lakes and wetlands) over the aquifer, plus any
irrigation/septic return flow and in the case of confined aquifers, leakage from overlying units. These
general equations are meant as a guide and may need to be modified depending upon the conceptual
model developed for any particular aquifer and the availability of data on individual components.

An equation was also developed for groundwater availability for an aquifer or aquifer system and
expressed as the quantity of water (Qaya,) that is available for future use over time (t) without causing
unacceptable environmental, economic or social consequences. Qa4 is derived from the relationship:

Qavar = R - Q""" ou- o QYour (Equation 4)

where:

Qavar = potential quantity available for future use;
R = recharge quantity;
QeWrump, . = quantity of existing groundwater pumping;

Q%%,,: = quantity of groundwater outflow or discharge including the groundwater-derived baseflow
component (Q%Wg ) of interconnected streams; and

a = percentage of groundwater outflow needed to meet environmental flow needs (EFN).
In cases where an EFN assessment is not available, an interim EFN factor ranging from 10 to 50% could

be assigned to the aquifer or area of investigation based on the conceptual aquifer model (CAM) for the
aquifer or area of investigation and any evidence of observed GW-SW relationships as follows:

10% (low degree of groundwater interaction)

Low EFN factor where ¢«

25% (moderate degree of groundwater interaction)

Moderate EFN factor where ¢«

High EFN factor where o = 50%  (high degree of groundwater interaction)

In light of the potential uncertainties associated with any water budget analysis a confidence factor was
developed to evaluate quantities (annual volume) of groundwater for allocation purposes, based on the
relationship:

Qauoc = B Qavan (Equation 6)

where:
Qauoc = quantity available for future allocation;
Qavan = potential quantity available for future use; and

B = confidence factor (e.g. percentage).

An interim aquifer rating guide was developed to determine the confidence factor £ for an aquifer
based on a series of aquifer criteria including aquifer type, availability of meteorological and
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hydrogeologic data, importance of connected ecosystems, degree of hydrologic complexity, number of
watersheds involved, reported water conflicts in the area and other related issues. Three levels of
confidence are proposed as follows:

Levell where g = 10% (low level of confidence)

Levelll where g = 15% (moderate level of confidence)

Level L where B = 25% (high level of confidence, e.g. detailed characterization,
such as calibrated numerical model).

To facilitate the water budget analysis of any aquifer the recharge equations for each aquifer type and
the equations for Qayan , Qattoc including provision for estimated values for @ and Swere
subsequently incorporated into a user friendly Excel® spreadsheet workbook or GWAM which is
discussed in the following section.

3. PART 2 - DEVELOPMENT OF THE GWAM SPREADSHEET WORKBOOK

3.1 User Friendly Spreadsheet for Water Budget Calculations

As part of this project, an Excel® based workbook was developed to facilitate and document water
budget calculations for the various types of aquifers found in British Columbia. The workbook template
is provided as Appendix G as a separate Excel® file not in this report. It contains the following:

Sheet 1: Instructions, outlining procedures for using the spreadsheets and reviewing results.

Sheet 2: Cover, which provides for entering information on the aquifer/area under investigation,
type of aquifer, date of analysis, name of investigator, precipitation period examined and
assigning probable EFN and confindence £ factors.

Sheet 3. Listing of aquifer types and basic water budget equations for each type.

Sheet 4. Outline of methods and data sources used to determine each parameter or component in
the water budget analysis.

Sheets 5 to 8. Spreadsheets for each aquifer type for entering monthly parameters with formulae
imbedded to calculate monthly and annual quantities (m3) of recharge R, annual Qavan, and
ratios of annual recharge/precipitation R/P, Q°"P“™ ;... / Qavan, and Q°WP“™,../ R. The
annual allocation Q awioc, is also determined based on the confidence factor assigned.

Sheet 9. References include a listing of key references for data sources.

Note that the workbook is designed to calculate (R) as a residual. Alternatively, if (R) is estimated from
alternative methods then other parameters (e.g. 4 §°") could be set as the residual parameter.

4. PART 3 — APPLICATION OF GWAM TO FOUR TEST AQUIFER AREAS

4.1 Objectives of Test
Objectives for testing each aquifer area were to:
1. Test the facility of the GWAM using water budget data obtained from previous investigations for

various aquifer types.
2. Use the GWAM to determine Qavar and Q auoc for each test area.
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3. Conduct sensitivity analyses of the key parameters to assess to what degree variations in the
parameters may affect the overall water budget calculations.

4. Assess the usefulness of the GWAM.

5. Provide recommendations for further investigations that would improve the water budget
estimates.

4.2 Areas Investigated

In consultation with FLNR/ENV staff, four test areas with previous water budget studies were selected to
apply the water budget methods and relationships outlined in Equations 4 and 6 to determine the
groundwater quantity available for future allocation purposes. These areas represent four different
types of aquifer regimes situated in three different biogeoclimatic zones (Government of British
Columbia, 2018b). The four areas selected were:

1. Gabriola Island, along the east coast of Vancouver Island near the city of Nanaimo, representing
a fractured sedimentary bedrock aquifer system in a coastal environment. Gabriola Island is
underlain by Type 5(a) fractured bedrock Aquifer 706 and Aquifer 709 comprised of Upper
Cretaceous sedimentary strata within the Coastal Douglas Fir Zone with a moist maritime
climate (Government of British Columbia, 2018c).

2. The Westwold Valley Aquifer, between the communities of Westwold and Falkland, situated
southeast of Kamloops, representing a Type 1(b) unconfined, unconsolidated sand and gravel
aquifer situated within the Salmon River Valley in the southern interior. The Westwold Valley
Aquifer comprises two aquifers. Aquifer 98 and Aquifer 289 in the Interior Douglas Fir Zone with
a very dry hot climate (Government of British Columbia, 2018d). Aquifer 98 is a confined aquifer
which has been included as part of Aquifer 289 for purposes of this report.

3. The West of Aldergrove Aquifer, near the community of Aldergrove, representing a Type 4(b)
confined, unconsolidated sand and gravel aquifer Aquifer 33, situated in the Hopington area of
the Fraser Valley. It is situated in the Coastal Western Hemlock Zone with a very dry maritime
climate (Government of British Columbia, 2018e).

4. The Mill Bay Aquifer, underlying the community of Mill Bay on Vancouver Island, representing a
Type 4(a) unconfined, unconsolidated sand and gravel aquifer. The Mill Bay area is underlain by
Aquifer 206 situated within the Coastal Douglas Fir Zone with a moist maritime climate
(Government of British Columbia, 2018c).

4.3 Water Budget For Gabriola Island (Type 5a)

4.3.1 General Synopsis
In 2013, SRK Consulting completed a preliminary water budget project for the Regional District of

Nanaimo (RDN) for the islands of Gabriola, DeCourcey and Mudge that are underlain by fractured
sedimentary bedrock aquifers. The work involved in part:

e development of an updated hydrogeological conceptual model;

e completion of a data gap analysis and suggestions for additional data collection;
e estimation of groundwater and surface water balance components; and

e assessment of the water demand stress in each island water region.

This study was designed to provide a simple accounting of groundwater recharge against residential,
commercial, and agricultural demands. The water balance was calculated using the following data sets:

e mean precipitation from historical records for the entire Island (all sub-regions),
e estimated groundwater recharge by water sub-region using high and low recharge scenarios;

WATER SCIENCE SERIES No. 2021-07 21



e monthly domestic and non-domestic net demand from domestic and commercial water use
surveys; and
e domestic water use values estimated from other published reports.

SRK Consulting (2013) estimated the groundwater recharge rate on the islands to be in the range of 10
and 25% of the annual precipitation rate over an island area of 52.2 km?. In their assessment,
evapotranspiration and runoff values were not estimated and not measured directly. To estimate total
recharge volume of water, the precipitation depths were converted to volume of water by multiplying
total precipitation by percent recharge and then by the sub-region area. The water demand stress was
estimated from the water balance as an indicator of what proportion of the annually replenished
groundwater resource was used. Further details on the water budget components evaluated are
contained in Appendix D of the SRK Consulting (2013) report.

The water budget method utilized was based on a number of assumptions and the results have large
uncertainty in some water balance components. According to SRK Consulting (2013) the “Results of the
water budget should be considered indicative of the hydrogeological setting, not absolute. Water
budget calculations require a number of assumptions, such as recharge or actual demand. Recharge can
only be estimated, not accurately measured.”

Table 2, for example, shows the results of the groundwater recharge calculations carried out for the
various regions on the islands by SRK Consulting (2013) based on utilizing 10% of 1971-2000 normal
monthly and annual precipitation. Volumes originally reported in (m3) by SRK Consulting have been
converted into Imperial gallons (lgals) and Imperial gallons per minute (Igpm) for comparison in Table 2
SRK Consulting (2013) also calculated groundwater recharge based on utilizing 25% of the monthly and
annual 1971-2000 normal precipitation amounts.

Table 2: Monthly and annual groundwater recharge calculations based on utilizing 10% of the normal monthly
precipitation for Gabriola Island.

| Sub-Regions Groundwater Recharge Volume in 1000's of m? Annual Totals
Month | Jan | Feb | Mar | Apr | May | June | Jul Aug_ Sei_)t Oct Nov Dec | m*x10° Igals Igals/min

Sands 48.8 39.8 327|214 | 169 | 154 9.8 105 | 146 30.4 55.2 51.8 | 3473 7.64E+07 145.4
Lock Bay 105.0 | 85.6| 70.3| 46.0| 36.3| 331 21.0 226 315, 654 118.7 | 111.5 | 747.0 1.64E+08 312.6
Gabriola 168.2 | 137.2 | 1126 | 738 | 58.2 | 53.1| 33.6 | 36.2 | 50.5| 104.8 190.2 | 178.6 | 1197.0 2.63E+08 501.0
Silva Bay 27.8 22.7 18.6 | 12.2 9.6 8.8 5.6 6.0 8.3 17.3 31.4 29.5 197.8 4.35E+07 82.8
North Degnen

Bay 25.5 20.8 171 | 11.2 8.8 8.0 5.1 5.5 7.6 15.9 28.8 271 181.4 3.99E+07 75.9
West Degnen

Bay 33.4 27.3 224 | 147 | 116 105 6.7 7.2 100 20.8 378 | 355 2379 5.23E+07 99.6

False Narrows 69.2| 564 | 463|303 | 239 | 218| 138 149 208 43.1 782 | 734 4921 1.0BE+08 206.0
Hoggan Lake 126.0 | 102.7 | 843 | 552 | 436 | 39.7 | 252 271 | 378 78.5 142.4 | 133.7 | 896.2 1.97E+08 3751
Northumberland

Channel 05| 85| 70| 46| 36, 33| 21| 23| 31 6.5 1.8 111 744 1.64E+07 311

South

Descanso Bay 246| 201| 165|108| 85| 78| 49 53| 74| 153 278 | 262| 1752 | 3.85E+07 73.3

Descanso Bay 392 | 319 262|172| 136| 124| 78| 84| 118 244 443 | 416| 2788 | 6.13E+07 116.7

Mudge Island 280| 228| 187|123| 97| 88| 56| 60| B84 6 174 316 | 29.7| 199.0 | 4.38E+07 83.3

De Courcy

Island 255| 208| 171|112| 88| 80| 51| 55| 76| 159 288 | 27.1| 1814 | 3.99E+07 75.9
| | | Annual Totals: | 52055 | 1.16E+09 | 2178.7

Data from Table D-9 Appendix D, SRK Consulting (2013).

Burgess and Allen (2016) employing a coupled groundwater-surface water numerical model MIKE SHE
(DHI, 2016), computed the mean annual simulation recharge to Gabriola Island at 20% of the 1981-2010
normal precipitation (or 199 mm/year). They report that their model achieves a good match between
the averaged simulated and observed WELLS database groundwater levels, the model error is randomly
distributed with the model slightly overestimating the groundwater levels, with a mean error of -4.4 m.
Burgess and Allen (2016) also used the model to simulate the effects of 2050s and 2080s climate change
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and report that monthly changes in recharge result in an approximate 8% and 7% reduction in annual
recharge for the 2050s and 2080s simulations, respectively.

4.3.2 Water Budget Recharge Equations and Components

The basic water budget recharge equations proposed for a Type 5(a) fractured sedimentary bedrock
aquifer are:

R = P +stin + QIRRreturnin -ET _AsLakes _ QSWout'QSWpumPout (Equation 9)

and

R + QGWin = AW + QGWout + QGWpumpout (Eq uation 10)

where:

P = precipitation (rain and snow)

ET = evapotranspiration

@i, = surface water inflow

Q*Y,u: = surface water outflow

Q°%;, = groundwater inflow

R = groundwater recharge (from all sources)
A Stk = change in surface water storage
ASY = change in groundwater storage
Q'RReturn. - = jrrigation/septic return flow
QeéWweump . = groundwater pumping
QWeump, . = surface water pumping
Q°Y,,t = groundwater outflow

Recharge is assumed to occur only over the entire area of the island. Since the island is bounded by the
sea, groundwater and surface water inflow components (Q%;, and Q*%;,) from adjacent areas are non-
existent. Saltwater intrusion may occur through up coning or sea water intrusion but these have not
been considered as inflow components in this preliminary water budget analysis. Equation 9 for Gabriola
Island, therefore, can be rewritten as:

R = P + QIRRreturni" - ET _A sLakes - stout' QSWpumpout (Equation 11)

and equation 10 as:

R = QSWeme .. +QW,,e + ASCW (Equation 12)

The SRK Consulting (2013) water budget analysis is based on historic measurements of precipitation (P),
estimates of recharge (R), and estimates of groundwater demand (an indication of potential Q¢WPum#,,,, ).
Their analysis did not include any estimates of ET, QRfreturn, A Stakes - QSWo,., QSWPU™ e, A STW or Q%Wour,
The numerical model employed by Burgess and Allen (2016) computes estimates of other major
components such as ET, A §t% |, @*W,,e , A S and Q®W,u:. Monthly or annual estimates of these
parameters used in the model, however, are not provided in their report.
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4.3.3 Testing the GWAM for Gabriola Island

Data on P, R and groundwater demand (an indication of potential Q¥"P“™?,,;) from SRK Consulting
(2013) was entered into the GWAM workbook. Additional tests of the GWAM spreadsheet were
conducted using recharge values of 5% of the annual 1971-2001 normal, and 5, 10 and 25% of the driest
year (1985) precipitation amount. A brief discussion of the data input components utilized in the
analyses are provided below. For allocation purposes, a confidence factor 8 of 15% was utilized for the
island aquifers based on the aquifer/groundwater area confidence rating guide as shown in Appendix H,
Table H1. A maximum confidence factor S of 25% was used for the 20% recharge result of the Burgess
and Allen (2016) numerical model. An interim EFN factor & of 0% was assigned for the GWAM analysis
as no data was available for the groundwater outflow component (Q “Wour).

Precipitation (P)

SRK Consulting (2013) utilized normal precipitation data (Government of Canada, 2018a) for the 1971-
2000 period for Climate Station 1023042 located on Gabriola Island. Additional runs of the GWAM
spreadsheet were also conducted for this project utilizing precipitation data for the driest year on record
(1985) for the same climate station (Figure 7). Annual precipitation for the driest year on record was
630.1 mm or 69 % of the 1971-2000 annual normal of 924 mm. For the 39 year period of record shown
in Figure 7, there were 23 years (59%) with precipitation at or below the annual normal amount. Three
to four year periods with precipitation below normal occurred during the late 1970s, 1980s, and early
2000s. Burgess and Allen (2016) utilized normal precipitation data (Government of Canada, 2018a) for
the 1981-2010 period for Climate Station 1023042 located on Gabriola Island. The annual normal based
on 1981-2010 records was 957.5 mm indicating a variance of 3.6% above the 1971-2000 normal.

1400

1200

E
£
Z
Z
O 1000
< W
5 800
o 1971-2000
x 600 DRIEST YEAR 1985 NORMAL 924 mm
o
|
< 400 :
3 MISSING DATA
Z
g 200
0
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
YEAR

Figure 7: Historic precipitation data for Gabriola climate station 1023042. Data from Government of Canada
(2018b).

Uncertainties in Estimating Precipitation: SRK Consulting (2013) attributes an uncertainty of at least 10%
for the long-term precipitation mean because of slightly unequal precipitation distribution on Gabriola
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Island. Climate Station 1023042 located on Gabriola Island is situated at a relatively low elevation of 46
m, while most of the island lies above the 40 m contour elevation. SRK Consulting (2013) reports that
higher than average precipitation may occur in the uplands in central Gabriola Island due to orographic
effects, but the elevation difference is only 150 m, so the effect is probably small.

Recharge (R)

SRK Consulting (2013) estimated recharge over the entire island at 10 and 25% of the annual normal
(1971-2000) precipitation for two water budget scenarios. SRK Consulting (2013) reported that these
rates were estimated using various methods with the lower value of 10% originating from various
engineering studies on the Gulf Islands and on the east coast of Vancouver Island in the rain shadow
climatic zone. According to SRK Consulting (2013) the higher recharge estimate is larger than the upper
limit of recharge values shown by the method of fluctuation in water table and is a typical value for
many regional aquifers in southwestern B.C. SRK Consulting (2013) reports that the true recharge rate is
not known and is assumed to be in the selected range of 10 to 25%. For water budget planning
purposes, they recommend that the conservative (low) recharge volume at 10% mean annual
precipitation might be appropriate until the higher recharge rate can be confirmed (SRK Consulting,
2013). Burgess and Allen (2016) employing a coupled groundwater-surface water numerical model
MIKE SHE (DHI, 2016), computed the mean annual simulation recharge to Gabriola Island at 20% of the
precipitation (or 199 mm/year). They report that their model achieves a good match between the
averaged simulated and observed WELLS database groundwater levels, the model error is randomly
distributed with the model slightly overestimating the groundwater levels, with a mean error of -4.4 m.

Burgess and Allen (2016) also used the model to simulate the effects of 2050s and 2080s climate change
and report that monthly changes in recharge result in an approximate 8% and 7% reduction in annual
recharge for the 2050s and 2080s simulations, respectively. Climate change projections from the 1961-
1990 baseline normal to the 2050s, reported by the Pacific Climate Impacts Consortium (2013), indicate
that mean temperatures in the South Coast Region are likely to increase by a median of 1.7° C (ranging
from 1.1 to 2.5° C), while precipitation is expected to increase by approximately 6% in the winter and
decrease by approximately 14% in the summer, with an overall increase of 6% over the year.

Uncertainties in Estimating Recharge: SRK Consulting (2013) reports that recharge is variable in space
and may be low in some areas and much higher in other areas. They also report that recharge, however,
is a highly spatially variable depending on soil type, bedrock geology, vegetation cover, and depth to
water table. Near fracture zones, the recharge rate may be significantly higher, while in lower
permeability areas, it may be low.

Precipitation recharge was applied by SRK Consulting (2013) for two cases (10% and 25% of
precipitation) over the entire island resulting in annual recharge quantities for the two cases. Higher
annual recharge quantities may be anticipated if only applied to potential recharge areas. Burgess and
Allen (2016) in estimating a 20% recharge rate report that sensitivity analysis results suggest that
recharge is most sensitive to the hydraulic conductivity of the fractured bedrock, followed by thickness
of the seepage face. Their modeling, however, does not account for potential uncertainties involved in
assigning evapotranspiration and surface runoff quantities. Potential groundwater recharge from
infiltrating surface water sources also, have also not been considered. Burgess and Allen (2016) have
delineated the distribution of average seasonal recharge and discharge areas on Gabriola Island. Their
report, however does not quantify these physical areas. Burgess and Allen (2016) base their model on an
island area of 57.75 km?, whereas SRK Consulting (2013) considers an area of 52.2 km?2. A higher
recharge rate would be expected if the area is increased. The effect of changing the estimated annual
recharge by a factor of 1% was also tested for this project.
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Groundwater Demand (Q°"P“"",..)

SRK Consulting (2013) reports that water demand was estimated for domestic and non-domestic users
from water-use surveys conducted by the Gabriola Groundwater Management Society and the Regional
District of Nanaimo in 2012, supplemented from values estimated from previous reports. This survey
provided most of the information about pumping water demand used in water budget calculations in
their report. Total annual and monthly water demands are the sum of commercial, residential, and
agricultural pumping withdrawals for each sub-region. SRK Consulting (2013) estimated the total annual
demand at 8.73E+05 m? (equivalent to a continuous pumping rate of 365 IGPM). SRK Consulting (2013)
reports some 3590 residential properties on the island and there are approximately 2600 water wells
reported (Government of British Columbia, 2018f). SRK Consulting (2013) estimated the average total
residential water use per household at 193 m?* per year (equivalent to a pumping rate of 0.08 IGPM).
The effect of changing the estimated annual water use, by a factor of 10% was also tested for this
project.

Uncertainties in Estimating Groundwater Demand (Q°WP“™,,.): SRK Consulting (2013) reports that the
water volumes and rates of use are not necessarily actual water use volumes, as they are not metered
accurately or not at all, but they are estimated using the best data available. Many of the numbers used
and calculations made require assumptions to simplify the process and to fill in data gaps. The estimated
numbers are uncertain and are based on a sample of water users. Only 10.8% of households returned
the completed survey questionnaires. In a preliminary assessment of the water budget, these estimates
provide a reasonable approximation of the water demands and water stresses for each region (SRK
Consulting, 2013). Burgess and Allen (2016) utilized the same annual use data from SRK Consulting
(2013).

Results

Results of applying the GWAM utilizing the SRK Consulting (2013) water budget and Burgess and Allen
(2016) recharge data are summarized in Table 3. Results based on the 1971-2000 normal and driest
year (1985) data for 10 and 25% recharge scenarios are shown in Figure 8. Figure 9and Figure 10
compare various annual recharge rates, Qauoc and Qavan expressed in cubic metres per year and IGPM
respectively for the 1971-2000 normal and driest year. Figure 11 and Figure 12 illustrate the
relationship among various recharge rates, Qavar and Qauoc expressed in cubic metres per year and
IGPM respectively. An example of the spreadsheet results for calculating recharge utilizing 5% of the
normal precipitation is shown in Appendix I, Table I1.

Table 3: Comparison of results for normal and driest precipitation years, Gabriola Island.

Year | Recharge | Recharge | Recharge | Precipitation| Quuan | Qavan | Qawoc | Qawoc | Confidence | QSWeump | QGWpump Ratio
F:'::r m?® Igpm m? m? Igpm m’ Igpm Fn;:‘tor m? Igpm  QSWeump_ /R
1971- 5 2.41E+06 1009 4.83E+07 | 1.54E+06 | 645 | 2.31E+05 97 15 8.73E+05 365 0.36
2000
nom’lal + 1+ 4+ 1+ 4+ 1+ 1+ 4+ 4+ 4+ 1+ +
12%2‘:)- 10 4.83E+06 2021 4.83E+07 | 3.96E+06 | 1657 | 5.93E+05 248 15 B8.73E+05 365 0.18
| normal | | | | | | | | | | | |
12%7('}10 25 1.21E+07 5022 4.83E+07 | 1.12E+07 | 4687 | 1.68E+06 703 15 8.73E+05 365 0.07
] 1985 5 1.64E+06 686 3.29E+07 | 7.72E+05 | 323 | 1.16E+05 49 15 8.73E+05 365 0.53
riest on
I record + + + + + + + + . . . .
] 1985 10 3.29E+06 1377 3.29E+07 | 2.42E+06 | 1009 | 3.62E+05 152 15 8.73E+05 365 0.27
riest on
record + 1 1 1 - 1 1 T 1 1 1 +
1985 25 8.22E+06 3444 3.29e+07 | 7.35E+06 | 3076 | 1.10E+06 460 15 8.73E+05 365 0.1
driest on
record | | | | | | | | | | | 1
1981- 20 1.11E+07 4645 5.53E+07 | 1.02E+07 | 4269 | 2.54E+06 A 1063 25 8.73E+05 365 0.08

2010
normal
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Figure 8: Range of results for annual 1971-2000 normal and driest year (1985) on record, Gabriola Island.
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Figure 9: Comparison of various 1971-2000 annual recharge rates, for Gabriola Island, Q ai.oc and Q avar expressed
in cubic metres per year.
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Figure 10: Comparison of various 1971-2000 annual recharge rates for Gabriola Island, Q aioc and Q avan

expressed in IGPM.
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Figure 11: Relationship among various recharge rates, Qavan and Qauoc expressed in cubic metres per year. Note
that Q awoc represents the quantity that may be allocated above the current use.
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Figure 12: Relationship among various recharge rates for Gabriola Island, Qavar and Qauioc expressed in IGPM.
Note that Q awLoc represents the quantity that may be allocated above the current use.

Discussion

In this water budget analysis using the GWAM spreadsheet workbook, the principal parameters
considered were only precipitation P, recharge R, and groundwater use Q°"P“™?,,.. For any particular
annual precipitation amount considered, the recharge rate is the most sensitive parameter affecting the
calculation of groundwater availability Qavar and future allocation amounts Q auoc. Changing the
recharge rate by 1% for example, results in changing Qavanr by 12.1% and Q awoc by 12.3%. Changing the
annual demand (water use) by 10%, for example, results in changing Qavan by 2.2% and Qauoc by 2.1%.
Results of this simple sensitivity analysis are shown in Table 4.

SRK Consulting (2013) estimated the average total residential water use per household at 193 m? per
year (equivalent to a pumping rate of 0.08 IGPM). Under Section 22 Precedence of Rights, under the
Water Sustainability Act an excluded groundwater user (i.e. domestic well owner) may utilize up to 2000
litres/day (equivalent to a rate of 0.31 IGPM) or 3.9 times the current estimated use. This raises the
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guestion, “In the case of existing domestic well owners, should future allocation decisions consider

current water use only or include an allowance for potential water use by existing well owners
exercising their full rights?”

Table 4: Results of increasing recharge rate by 1% and pumping rate by 10%, Gabriola Island.

Year | Recharge | Recharge | Recharge | Precipitation| Qavar Qava Qacroc QaLoc | Confidence | QGWeumn,,, [ QGWpump,, Ratio
Factor m? Igpm m? m3 Ilgpm m3 Igpm Factor m3 Igpm QSWoump,,. /R
%P %

1971- 10 4 B3E+06 2021 4.83E+07 3.96E+06 | 1657 5.93E+05 248 15 8.73E+05 365 0.181
2000
normal

1971- 10 4.83E+06 2021 4.83E+07 3.87E+06 | 1620 | 5.80E+05 243 15 9.60E+05 402 0.199
2000
normal

1971- 11 5.31E+06 2222 4.83E+07 4.44E+06 | 1858 | 6.66E+05 279 15 8.73E+05 365 0.164
2000
normal

Other key parameters that were not included in the SRK Consulting (2013) recharge estimates and
would likely affect the results would be changes in groundwater storage, 4 S°" and groundwater
discharge quantities Q°W,ut. Inclusion of the Q%,,: component would significantly reduce the annual
Qavar and Qauoc estimates. Without an estimate of Q¥%,.: it is moreover, not possible to allow for any
environmental flow needs (EFN). Doe (2017 and 2018) has prepared an inventory of wetlands and
waterways on Gabriola and assembled some fish data that suggests EFN flows may be significant.

SRK Consulting (2013) reports that water levels in the Provincial observation wells on Gabriola do not
appear to be declining from year to year and the aquifer(s) are generally fully recharged during the
winter wet seasons. Recent updates of the observation well levels on Gabriola for Aquifer 709 have
been documented by GW Solutions (2017).

GW Solutions (2017) reports that over the last five years of data (2012-2016) the water level trend in
Observation Wells OW196, OW197, OW316 and OW385 have been declining at -0.04 to -0.32 m per
year. This declining water level trend may be reflected in the declining precipitation trend during the
period 2004-2014 period (Figure 13) as shown by data from the Entrance Island Climate Station
102BFHH situated off the northeast coast of Gabriola Island some 8.2 km from the Gabriola Island
Climate Station 1023042 (Government of Canada, 2018b). Unfortunately, at the time of this report
preparation, the climate data for the Gabriola Island Climate Station 1023042, for the period 2000 to
2016, was incomplete or not entirely available from the Government of Canada (2018b).

1400

1971-2000 Normal 924 mm
1200 | ¢or Station 1023042 \/
1000 \,

MISSING DATA

PRECIPITATION (mm)
g

200

0
1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
YEAR

Figure 13: Annual precipitation data for 2000-2016 period at Entrance Island Climate Station 102BFHH. Data from
Government of Canada (2018b).
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For planning future allocation purposes a reasonable approach would be to consider recharge rates in
the range 5 to 10% of normal precipitation or 10% of driest year precipitation. For water budget
planning purposes, SRK Consulting (2013) recommends that the conservative (low) recharge volume at
10% mean annual precipitation might be appropriate until the higher recharge rate can be confirmed. In
terms of future allocation quantities the GWAM utilizes a conservative confidence factor g with a
maximum value of 25% to offset potential uncertainties associated with any water budget analysis.

Recharge rates of 25% as shown in Figure 11 and Figure 12 appear overly optimistic for estimating
groundwater availability. Comparisons of the ratio of groundwater pumping (use) to recharge, versus
estimated recharge rates are shown in Figure 14. At a recharge rate of 25%, groundwater use would be
close to 10% of the annual recharge, suggesting greater use might be readily supported (e.g. 2 to 5 x the
current use). However, given the relatively large number of existing wells on the island and high density
in some areas, expanding the current use by a factor of 2 or more may lead to compounded water
guantity and quality issues such as well interference and quality degradation.
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Figure 14: Ratio of pumping (use) versus estimated recharge rates for Gabriola Island.

SRK Consulting (2013) reports that overall water stress on Gabriola is currently low for both high (25%)
and low (10%) recharge scenarios. Higher water stress based on the 10% recharge amount was reported
for some summer months for the Sands, Lock Bay, North Degnen Bay, West Degnen Bay, False Narrows,
South Descanso Bay sub-regions. SRK Consulting (2013) defines water stress for an aquifer as a relative
measure, which compares the total demand of groundwater to the amount of natural recharge to the
aquifer. Water stress is calculated as the ratio of volumes of total pumping demand to the total
recharge, as a percentage value. For the various regions on Gabriola, SRK Consulting (2013) categorized
water stress as:

o Lower stress: demand < 50% of recharge (large excess of recharge);
e Moderate stress: demand > 50% of recharge; and
e Higher stress: recharge deficit where demand > recharge.

Potential effects of higher stress conditions during the summer months when withdrawals may be
excessive may be reflected in water quantity and quality issues such as wells going dry, well interference
and quality degradation including seawater intrusion.
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Conclusions (Gabriola Island)

In applying the GWAM to the available water budget information from SRK Consulting (2013) and from
Burgess and Allen (2016), the following conclusions are made:

1.

The water budget reports by SRK Consulting (2013) and Burgess and Allen (2016), provided
limited parameter data for testing the GWAM spreadsheet workbook. The SRK Consulting
(2016) water budget was based on only three parameters namely: historic measurements of
precipitation (P), estimates of recharge (R), and estimates of groundwater demand (an
indication of potential Q¥"WPUmr,,,). A similar situation existed for the Burgess and Allen (2016)
report, although other parameters not available were included in their numerical model.

By utilizing the GWAM spreadsheet workbook, it was possible to compare the recharge
estimates of SRK Consulting (2013) and Burgess and Allen (2016) with additional estimates for
the driest year (1985) on record.

For any particular annual precipitation amount considered, the recharge rate is the most
sensitive parameter affecting the calculation of groundwater availability Qavar and future
allocation amounts Qawuoc. Changing the recharge rate by 1% for example results in changing
QAVAIL by 12.1% and QALLOC by 12.3%.

Based on the current levels of hydrologic information available, an interim approach for
planning future allocation purposes would be to consider recharge rates in the range 5 to 10% of
normal precipitation or 10% of driest year precipitation. Annual recharge rates much above
10% of the annual normal precipitation maybe overly optimistic for estimating groundwater
availability for allocation purposes for Gabriola Island.

For aquifer areas such as Gabriola Island where domestic wells are most prevalent, it may be
prudent to include an allowance for potential water use by existing well owners exercising their
full rights in the future.

Based on a recharge rate of 10% of the driest year (1985) precipitation, the potential amount of
Qavar would be 1.54E+06 m3/ yr (645 Igpm) with a suggested future allocation quantity Qawoc of
2.31E+05 m3/ yr (97 Igpm) considering a conservative confidence factor S of 15%.

The GWAM is useful as a preliminary assessment tool for compiling, interpreting and comparing
the results of one or more water budgets that may have been conducted for any particular
aquifer or area and providing conservative estimates of groundwater availability (Qavar) and
quantities for future allocation (Q aw.oc)-

The GWAM proved useful for examining a range of water budgets for an unconfined fractured
bedrock Type 5a aquifer.

Recommendations (Gabriola Island)

Based on the analysis conducted of the available water budgets for Gabriola Island the following
recommendation is suggested:

1.

Further investigate the higher stress regions on Gabriola to identify and assess the magnitude
and potential causes of any quantity and quality issues that may be occurring. Hodge (1978) for
example, reported saltwater intrusion in some of the coastal areas of the island 40 years ago.
One or two pilot studies in higher stress regions may be particularly beneficial for understanding
the relationship among, recharge, water use, water quality and saltwater intrusion. It would be
beneficial if the pilot region selected, included one with an observation well and one or more
streams or discharge areas (e.g. springs) that could be monitored.
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4.4 Water Budget For Westwold Valley Aquifer (Type 1b)

4.4.1 General Synopsis

In 2012, Bennett developed an empirical water budget for the Westwold Valley Aquifer southeast of
Kamloops, to assess the feasibility of using a simplified spreadsheet water budget to quantitatively
determine the primary components of groundwater recharge and discharge to an unconsolidated sand
and gravel aquifer. The Westwold Valley actually contains two aquifers, namely Aquifer 289 and Aquifer
98. Aquifer 289 is classified as an unconfined IIB (12) aquifer and Aquifer 98 is a confined IIC (12) aquifer
(Government of British Columbia, 2018f). Bennett’s conceptual aquifer model as a linear reservoir treats
both aquifers as one unconfined aquifer unit occupying a valley bottom area of 37 km?. The aquifer can
be categorized as a Type 1(b) predominantly unconfined aquifer along rivers of moderate stream order
(Wei et al., 2014). An additional goal of the 2012 project was to have the water budget model function
as a tool to examine allocation (licensing) options and their general impact on the groundwater
resource.

The project included establishing four hydrometric stations on the Salmon River and installing
groundwater monitoring wells to examine surface water and groundwater hydrographs in order to
quantify water budget inputs and outputs. The conceptual water budget for the aquifer is shown
schematically in Figure 15 representing the fundamental equation:

Precipitation infiltration + Groundwater inflow + River and stream leakage + Irrigation return =
Groundwater extraction + Surface water extraction + Evapotranspiration + Groundwater discharge
to river + Groundwater outflow +/- Change in storage in the aquifer.

Groundwater

Precipitation Extraction

Surface Water Irrigation
Diversion Return Well

l |

Evapotranspiration

River & Stream Groundwater

Leakage Discharge to River

—s

Groundwater
Groundwater
Inflow
Outflow

—

Figure 15: Conceptual water budget components for Westwold Valley Aquifer, from Bennett (2012).

Bennett (2012) utilized a spreadsheet to develop the water budget for 2010 and 2011 where monthly
recharge to and discharge from the aquifer was quantified along with a resulting monthly surplus or
deficit. Monthly data were totaled into annual volumes. Parameters used to calculate volumetric inflow
and outflow components included: irrigated area, precipitation infiltration, irrigation duty, theoretical
crop requirements, irrigation return, aquifer specific yield and groundwater inflow and outflow at the
study boundaries. Some parameters were based on field work and desktop review such as irrigated area
while other parameters were assigned values such as aquifer specific yield (assumed to be 0.25 for an
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unconfined sand and gravel aquifer), the percentage of annual precipitation that enters the aquifer and
irrigation return. Other parameters were also inferred from hydrometric, topographical and water well
information such as the volume of groundwater flowing into and out of the study area along the valley
floor. Further details on determining other components of the water budget can be found in Bennett
(2012). Figure 16 shows the results of the recharge and discharge calculations as percentages of total
inflow (blue) and outflow (red).

Groundwater
Precipitation 10% Extraction 30% to 35%
Surface Water Irrigation e .  tion 10%
vapotranspiration
Diversion 4% to 9% Return 3% Well P P ?

l T

River & Stream Groundwater

Leakage 80% Discharge to River 50%

Groundwater

Groundwater

Inflow 7%
Y Outflow 1%

—pl  Aquifer
—»

Figure 16: Inflow and outflow percentages for Westwold Valley Aquifer, from Bennett (2012).

For this particular example, Bennett (2012) makes a number of important conclusions that are noted as
follows:

1. The water budget indicates that groundwater and surface water must be managed conjunctively
to achieve sustainable water use in the Westwold Valley.

2. Predicting and measuring river loss is the most crucial inflow parameter to predict and assess
the likelihood of a water deficit.

3. The duration of freshet may be more influential on aquifer recharge than the intensity of the
freshet by providing a longer period for river loss.

4. The water budget reveals that a difference of 10% to 20% between total inflow and total
outflow will result in a notable rise or decline in the groundwater table.

5. Natural outflow into the river is the largest outflow parameter in the water budget comprising
approximately 50% to 60% of the total annual outflow.

6. The second largest outflow was irrigation use of surface water and groundwater pumping
representing approximately of 35% to 40% of the annual outflow. It should be noted that
although irrigation use of water is the second largest outflow parameter, actual use of water is
not known and not monitored.

7. River loss during the freshet period provides approximately 55% or more of the estimated
annual recharge to the aquifer.

4.4.2 Water Budget Recharge Equations and Components

The basic water budget recharge equation proposed for a Type 1(b) predominantly unconfined aquifer
along rivers of moderate stream order is:
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R = P + Q@Wj, + QIRReturn;, _ T - AW - QSWoy - @SWPUMP,,y  (Equation 13)

Bennett (2012) qualifies the recharge from precipitation to be 10% of the annual amount and adds
components for groundwater inflow Q%i, , Q°",u: and a recharge component for mountain block
recharge (MBR). Adapting Equation 13 to include the components of Bennett (2012) results in:

Rror = Pp + (QWin - Q@Wour + Q°VP"™Poyt ) + Q%W + QFREM™; + A SEW (Equation 14)
and
A SGW = Pp + (stin - stout + QSWpumpout) + QGWin + QIRReturnin — (Equation 15)
(ET +QWou+ QP ™oue +QWin + QWP ™oy )
where;

P, = a portion of the annual precipitation (rain and snow)
ET = evapotranspiration
@V, = surface water inflow

$Woue = surface water outflow
Q°%,, = lateral groundwater inflow + MBR inflow
Rror = groundwater recharge (from all sources)
ASY = change in groundwater storage
Q'RfReturn. - = jrrigation/septic return flow
Q¢éweump . = groundwater pumping
Q*Wweump, . = surface water pumping

Q%Y,ut = groundwater outflow (Q®Viat.our + Q%Wge), and

where,
QWatout = quantity of lateral groundwater outflow or discharge, and

Q%Y = quantity of groundwater-derived baseflow, a component of surface water outflow Q*Wou,
and

(QVin - QWour + QW™ ,,:) = river loss or leakage (Equation 16)

Rathfelder (2016) describes the Westwold Valley as an area characteristic of a snowmelt dominated
climatic region. Recharge to the aquifer can be expected to be highly influenced by the stage and flows
of the Salmon River.

4.4.3 Testing the GWAM for the Westwold Valley Aquifer

Bennett (2012) provides an Excel® spreadsheet that contains monthly parameter input data and results
obtained for 2010 and 2011. The monthly results compare the sums of the water budget inflows versus
the water budget outflows and whether there is a net surplus or deficit. A surplus or deficit reflects a
positive or negative water level change in the aquifer, which can be compared to available observation
well data.
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2011 monthly inflow and outflow data for each parameter from Bennett (2012) was entered into the
GWAM spreadsheet workbook. Data available from Bennett (2012) for 2010, only included monthly
totals and annual summary figures. The 2010 data therefore could not be tested for each parameter. A
brief discussion of the data input components utilized in the analyses is provided below. For allocation
purposes, a confidence factor g of 21.7% was estimated for Aquifer 289 using the aquifer /groundwater
area confidence rating guide as shown in Appendix H, Table H2. Given the importance of fisheries
interests on the Salmon River (Obedkoff, 1976) and historic conflicts with other water uses during low
flow periods, a high EFN factor a of 50% was assigned for the GWAM analysis. A discussion of the
various inflow and outflow components estimated by Bennett (2012) is as follows:

Precipitation (Pp)

In his water budget analysis Bennett (2012) utilized a percentage of the monthly 1971-2000 normal
precipitation data for Westwold available from Government of Canada (2018a). The valley bottom
infiltration area was estimated at 3,700 hectares (37 km?) with 10% of the precipitation assumed to
infiltrate past the rooting zone and recharge the aquifer. Infiltration as a percentage of precipitation is a
modifiable parameter in the Bennett (2012) spreadsheet. For purposes of testing the GWAM
spreadsheet, the input units for P, needed to be changed from mm over the aquifer area to m3.

Bennett (2012) also estimated precipitation on the valley sides and upland area that would provide deep
seated lateral recharge through the aquifer-bedrock contact along the valley sides. The inflow from the
surrounding bedrock was estimated by multiplying a flux rate (50 mm/year) multiplied by the valley
length (21 km x 2 sides) multiplied by the valley aquifer thickness (100 m). This inflow was also assumed
to occur uniformly throughout the year. This was based on numerical hydrogeological modeling of
conceptual mountainous watersheds by Neilson-Welch and Allen (2007). Their modeling results suggest
that recharge to the saturated zone in an upland area would partition into surface runoff, stream base
flow (via deep groundwater discharge at stream valleys) and deep-seated groundwater flow that
replenishes valley bottom aquifers via Mountain Block Recharge (MBR). It is believed this deep
groundwater recharge would provide a continuous flux of MBR to a valley bottom aquifer through the
bedrock-valley sediment contact along the valley bottom sides. Neilson-Welch and Allen (2007)
determined that the rate of flux was primarily controlled by the mountain geology rather than climate
(annual precipitation). They also estimated that 35 to 50 mm/year of available precipitation across their
conceptual watersheds could migrate as deep groundwater flow through the mountain bedrock to a
valley bottom aquifer. While Bennett (2012) regards this MBR component as precipitation recharge
from valley sides and uplands it was regarded as part of the groundwater inflow component Q%%;, in
Equation 13 for purposes of testing the GWAM spreadsheet.

Uncertainties in Estimating Precipitation: Bennett (2012) reports that the precipitation infiltration
component at 10% may be variable based on local knowledge. The rationale for considering only 10% of
the precipitation in the water budget is not presented in the report. Presumably the remainder of the
precipitation is integrated into the river flows or lost to evapotranspiration processes. Total precipitation
data for the years 2010 and 2011 were not used in the analysis.

Groundwater Inflow (Q°";,)

Bennett (2012) reports that groundwater was assumed to flow into the upstream study boundary
through the valley bottom alluvium alongside the Salmon River and calculated the inflow using Darcy’s
Equation Q =K x i x A where:

e (Q =volumetric flow rate,
e K= hydraulic conductivity (e.g. 102 m/s assumed for sand and gravel),
e i=hydraulic gradient (2.5m/km based on ground topography), and
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e A =saturated cross-sectional area (estimated at 400 m wide by 8 m deep, based on the width
of the mapped aquifer and known thickness from well logs).

As discussed previously, for purposes of testing the GWAM spreadsheet, the MBR component as
precipitation recharge from valley sides and uplands was added to the groundwater inflow component

QGWin .

Uncertainties in Estimating Groundwater Inflow: The groundwater inflow component estimate is largely
dependent upon estimates of hydraulic conductivity that may vary by an order of magnitude.
Irrigation/Septic Return Flow (Q'RRetrn, )

Bennett (2012) used an irrigation return of 5% for his estimates based on groundwater and Salmon River
sources for the months of April through September.

Uncertainties in Estimating Irrigation/Septic Return Flow: Bennett (2012) notes that the irrigation use of
water is the second largest outflow parameter, and the actual use of water is not known and not
monitored. This uncertainty would be reflected in any estimates of irrigation return flow. Quantifying
return flow from irrigation and domestic water use is difficult to estimate without adequate monitoring
data. Scibek (2005) estimated return flows of approximately 25% of the amount of irrigation water used
for the Grand Forks Aquifer. He based this on consultation with experts in irrigation practices for the
types of crops present. In other areas,

Le Breton (1976a) calculated return flows of 20 to 30% from irrigation of alfalfa and potato crops for a
monitored site in the Salmon River Valley. Based on these studies, it is possible that return flows from
irrigation may be 4 to 5 times higher than estimated.

Evapotranspiration (ET)

Bennett (2012) utilized estimates of evapotranspiration (ET) based on Farmwest’s climate web site tool
(Farmwest, 2018). Farmwest (2018) reports that ET is calculated for a grass reference crop using a
modified Penman Monteith equation, which is the standard method recommended by the UN Food and
Agriculture Organization (Allen et al., 1998). The budget assumes that during the irrigation season all ET
in irrigated areas is satisfied by the applied irrigation water, so there is no ET outflow in the irrigation
season. The exception to this is the east end of the study area where there is a high groundwater table
that supplies the crops with water and no surface application of water occurs. The theoretical ET in this
area is 750 mm/year. The budget assumes that no ET occurs during periods of snow cover, December
through February. ET is also considered a discharge from the aquifer in the non-irrigation season where
the groundwater table is < 2m below surface. For purposes of testing the GWAM spreadsheet, the input
units for ET needed to be changed from mm over the area to m3in order to enter the data from Bennett
(2012).

Uncertainties in Estimating Evapotranspiration: Some researchers using different approaches for
estimating evaporation on a global scale, for example, (Droogers and Allen, 2002) indicate potential
errors of 30%. Uncertainties associated with estimating evapotranspiration can be considered to be
significant.

River Losses, Surface Water Inflow (Q%";, ), and Surface Water Outflow (Q%W,ut)

Based on river flow measurements, Bennett (2012) reports river losses and river gains presumably based
on the differences between QWi and Q*W,.: as monitored at various hydrometric stations along the
valley. The main surface water gauging stations (automatic and manual) are shown in Figure 17.
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Figure 17: Westwold Valley looking easterly with location of manual and automatic surface water gauging
stations. Original figure from Bennett (2012), modified by Rathfelder (2016) and adapted for this report.

For entering into the GWAM spreadsheet, the flow loss data from Bennett (2012) was used to calculate
the surface water inflow parameter (Q*";») based on the relationship;

River loss or leakage = (Q*Wi, - Q*Wour + QSWP“™ 4 ) (Equation 17)

In determining river losses, changes in flow between hydrometric stations were adjusted for estimated
surface water diversions and tributary flow, Bennett (2012). Hence the inclusion of the parameter
(@*Weump,,.+) in Equation 16. A positive value for @*WP ™, was also required for this parameter to
calculate @i, in the GWAM spreadsheet in order to replicate the water balance figures of AS¢W
calculated by Bennett (2012).

Bennett (2012) reports that river gain in the two reaches downstream of “Salmon R @ Hwy 97” is due to
groundwater discharge to the river as base flow. The reach from Mid Salmon River to Salmon River at
CN Bridge, is a gaining reach year round including freshet. Monthly base flow estimates in 2010 and
2011 ranged from 40,000 to 60,000 m3/day.

Uncertainties in River Losses, Surface Water Inflow, and Surface Water Outflow: Bennett (2012) reports
that uncertainty in a river loss measurement is the product of the uncertainty in the flow measurement
at the beginning and end of each reach, compared to the measured river loss, and the uncertainty in a
single river loss measurement can be up to 50%. Hydrometric data for the individual gauging stations
was not included in the Bennett (2012) report.
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Groundwater Pumping (Q°"P“" ;)

Bennett (2012) assumes that the volume of groundwater pumped from the aquifer for irrigation is the
irrigated area multiplied by the estimated application rate. The domestic and livestock groundwater
consumption was estimated based on 5,000 head of cattle eight months per year (October through
May) consuming 70 L/day (15 gallons/day each) and 300 residents consuming 340 L/day (75 gallons/day)
each.

Uncertainties in Estimating Groundwater Pumping: Bennett (2012) reports that the actual use of water
is not known and not monitored. Estimated quantities might vary perhaps in the range of + or — (25% to
50%). It is also assumed that groundwater pumping would not be drawing any portion of water from the
river or interfering with river flows to any significant degree.

Groundwater Outflow (Q°Y,.)

In a similar method for estimating groundwater inflow, Bennett (2012) estimated groundwater outflow
using Darcy’s Equation Q = K x i x A where:

e (Q =volumetric flow rate,

e K= hydraulic conductivity of 5 x 10° m/s assumed for silty sand,

e i=hydraulic gradient (2 m/km based on ground topography), and

e A =saturated cross-sectional area estimated at 750 m wide by 30 m deep, based on the width
of the mapped aquifer and known thickness from well logs.

The groundwater outflow component estimated by Bennett (2012) can be considered as the lateral
component of groundwater outflow (Q%"jt.0ut) and does not include the groundwater baseflow
component to the river, which is integrated within the surface water outflow (Q*"Wou).

Uncertainties in Estimating Groundwater Outflow: Again, the groundwater outflow component estimate
is largely dependent upon estimates of hydraulic conductivity that may vary by an order of magnitude.
Surface Water Pumping (Q*VP“™ ;)

Bennett (2012) estimated the volume of surface water diverted for irrigation in 2011 based on the
irrigated area multiplied by the application rate of 0.76 m per acre.

Uncertainties in Estimating Surface Water Pumping: Bennett (2012) reports that the actual use of water
is not known and not monitored. Estimated quantities might vary perhaps in the range of + or — (25% to
50%).

Results

Results of applying the GWAM utilizing the 2011 spreadsheet data from Bennett (2012) are summarized
in Table 5 and Table 6 and also shown in Appendix |, Table 12. Table 5 summarizes the inflow and
outflow components estimated by Bennett (2012) and Table 6 summarizes the inputs and output
components in the GWAM spreadsheet analysis. A similar annual 4 S value of -3,847,217 m3 was
calculated for each spreadsheet. Figure 18 and Figure 19 show the relative percentage of each
component in the Bennett (2012) water budget and the percentage of each component in the GWAM.
Comparison of Figure 18 and Figure 19 show similar percentages of the main budget components. In
Figure 18 and Figure 19, SW inflow represents the sum of the adjusted surface water loss components in
Figure 18.

Sensitivity of the parameters was also tested in the GWAM spreadsheet by increasing each parameter
by 10 to 20% and calculating effects on A4 $%, R, Qavar and Qauoc. Results for this exercise are shown in
Table 7 and discussed in the following section.
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Table 5: Summary of water budget estimates for the Westwold Valley Aquifer for 2011 from Bennett (2012).

Water Budget |\ 212011 | Annual 2011 BN IEEE Annual 2011 | Annual 2011
Component m? e Component m? e
INFLOWS OUTFLOWS
Precipitation 1,450,030 607 Evapotranspiration in 928,370 389
non-irrigation season
MBR Inflow 420,000 176 Evapotranspiration & 2,245,510 940
sub-irrigation
GW Inflow 2,520,225 1055 SW Irrigation 1,572,745 658
River Loss —
Salmon R Upper 19,310,950 8082 GW Irrigation 7,817,468 3272
to Back Road
River Loss — Hwy . .
97 Bridge to 2,245,000 940 Domesticand Livestock | 4,5 393 51
. watering

Salmon R mid
Monte Lake
diversion (ditch 489,600 205 GW Outflow 73,050 31
loss)
Ingram Creek
(stream loss & 1,189,000 498 Surface Outflow 18,701,500 7827
hyporeic flow)
SW Irrigation loss -566,651 -237
Irrigation Return 555,665 233
Totals: 27,613,819 11,559 31,461,036 13168
ASSW = -3,847,217

Table 6: Summary of water budget estimates for the Westwold Valley Aquifer for 2011 based on the GWAM

spreadsheet.
Water Budget Water Budget
ater budge Annual 2011 Annual 2011 ater budge Annual 2011 | Annual 2011
Inflow m? lepm Outflow m? leom
Parameters Ep Parameters Ep
Precipitation (Pp) 1,450,030 607 Evapotranspiration (ET) 3,173,882 1328
GW Inflow .
including MBR 2,940,225 1231 peliieti 1,572,745 658
(QGWin) (Q out)
Surface Water GW Pumping
Inflow (@) 39,796,655 16655 (QEWoD, ) 7,939,862 3323
Irrigation Ret
(z;f,fet'on ) et 555,665 233 GW Outflow (QWiat.out) 73,050 31
Surface Outflow
18,701,500 7827
(QWour)

Totals: 44,742,575 18,726 31,461,039 13167
ASGW _ Pp + (QSW’_" - QSWaut + QSWpumPout ) + QGWin + QIRReturnl_" - ET- stout' QSWpumPout

B - QGWpumPout - Q Gwout
ASEW = -3,847,219
Qavan= 1.62E+07 m?® (6774 Igpm)
Qauoc = 3.51E+06 m3 (1470 Igpm)
Ratios of QCWPUmP,,; / Qavan, and Q°WPU™,.: / R = 49 and 33% respectively.
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Figure 18: Percentages of each water budget component in 2011 for the
Westwold Valley Aquifer. Data from Bennett (2012).

Figure 19: Percentages of each water budget component in 2011 for the
Westwold Valley Aquifer from the GWAM spreadsheet.
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Table 7: Results of sensitivity analysis of various parameters for the Westwold Valley Aquifer.

All values in m3 except for %.

Parameter | Modified Initial Changed Net Initial Changed Net Initial Changed Net Initial | Changed Net
by % Value Value Change | value R Value Change Value Value Change Value Value Change
GW
AS ASEW % R ) Qavar (oo % Qarcoc | Quuioc %
Qv 10 -3847219 132447 103.4 24162305 | 31725932 31.3 16184918 | 23749545 46.7 3512344 | 5153651 46.7
Q3Wout 10 -3847219 | -7587519 -97.2 24162305 | 19731881 -18.3 16184918 | 11755494 -27.4 3512344 | 2550942 -27.4
QEWpump 20 -3847219 | -5435191 -41.3 24162305 | 23002044 -4.8 16184918 | 13437685 -17.0 3512344 | 2915978 -17.0
Qcv, 20 -3847219 | -3259174 15.3 24162305 | 25139275 4.0 16184918 | 17162888 6.0 3512344 | 3724347 6.0
ET 10 -3847219 | -4164607 -8.2 24162305 | 23853481 0.4 16184918 | 15877094 1.9 3512344 | 3445329 1.9
Py 10 -3847219 | -3702216 3.8 24162305 | 24401399 1.0 16184918 | 16425012 1.5 3512344 | 3564228 1.5
Q/RReturn, 20 -3847219 | -3736086 2.9 24162305 | 24384571 0.9 16184918 | 16408184 1.4 3512344 | 3560576 1.4
QSWpump 4 20 -3847219 | -3847219 0 24162305 | 24476854 1.3 16184918 | 16500467 1.9 3512344 | 3580601 1.9
QGWI'aI',ouf 20 -3847219 | -3861829 -0.4 24162305 | 24150175 -0.1 16184918 | 16166483 -0.1 3512344 3508127 -0.1
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In terms of calculating recharge (R), groundwater availability (Q avar) and an allocation quantity (Q awoc)
for 2011, the GWAM spreadsheet (Appendix |, Table I12) resulted in the following:

e R/P,of 1666%,

e Qavarof 1.62E+07 m? (6774 Igpm) based on Equation 4, and

®  Qauocof 3.51E+06 m* (1470 Igpm) based on Equation 6.

®  Qavanwas based on a relatively high EFN factor a of 0.5 or 50%.

®  Qauocwas based on a relatively high confidence factor S, of 21.7%.

e Ratios of QWPUmP,.. /Qavan, and QSWPUm™P,.. /R were 49 and 33%, respectively.

Discussion

Entering the water budget data from Bennett (2012) into the GWAM spreadsheet required a review,
interpretation and clarification of each budget component. There were, for example, some differences
in component terminology that needed to be reconciled. Budget equations in the GWAM spreadsheet
also needed to be adjusted to utilize the Bennett (2012) data. The GWAM spreadsheet was originally set
up to calculate the recharge (R) quantity as a residual, based on entering the other parameters. The
Bennett (2012) water budget was set up to calculate monthly changes in groundwater storage (4 S°%)
guantities as a residual. Data from Bennett (2012) was first utilized in the GWAM to calculate values of
A S°Y using Equation 15. Values of A4 $°W obtained were then utilized to calculate values of Ryor in the
GWAM using Equation 14.

Bennett (2012) reports that the simulated (or predicted) change in the water level in the aquifer (based
on 2009, 2010 and 2011 river and creek flow data) was compared to 2010 and 2011 hydrographs to
validate or calibrate the water budget model. The report provides no further details on how the
calibration was conducted. Calculated A4 S quantities for 2011 closely matched the equivalent average
monthly and annual water level changes in the observation wells for that year. For 2010, the calculated
A SV quantities closely matched the equivalent average water level changes in the observation wells
for the first part of the year until August, thereafter falling short to the end of the year.

Bennett (2012) reports a notable rise or recovery in the groundwater table in the fall of 2010 as
compared to the fall of 2011 and river flow in the upper (losing) reach of the Salmon River was at least
50% higher in fall 2010 than fall 2011. He reports that the 2010 hydrograph and longer term hydrograph
data for the provincial observation well (Obs. Well 45) suggest that groundwater extraction for irrigation
may be influencing groundwater levels at the provincial observation well and contributing to
groundwater recovery in late September after irrigation has ended. He further adds that “a comparison
of historical and recent data suggests that river flow in the losing reaches of the Salmon River has a
larger influence on groundwater recovery than shutting off irrigation wells.” A comparison of the water
level data for 2010 in Observation Well 45 with the stage of the Salmon River at Falkland (STN. 08LE020)
shows fall groundwater levels rising above the earlier effects of the annual freshet of May-June (Figure
20). This suggests that both factors, a curtailment of groundwater pumping and relatively higher river
flows in the early fall contributed to higher groundwater levels at that time. A similar but smaller rise of
the water level in Observation Well 45 also occurred during the fall of 2011 (Figure 21).
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Figure 20: Comparison of water levels in Observation Well 45 and stage of
the Salmon River at Falkland in 2010. Data from Government of British

Columbia (2018g) and Government of Canada (2018c).

Figure 21: Comparison of water levels in Observation Well 45 and stage of
the Salmon River at Falkland in 2011. Data from Government of British
Columbia (2018g) and Government of Canada (2018c).
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The 2011 results of the GWAM spreadsheet analysis for recharge (R), groundwater availability (Qavan),
allocation quantity (Q awoc), Q°VP“™ 54t /Qavan , and QP /R all appear to be reasonable values for a
normal flow year when compared to estimates of current groundwater use and reported water issues in
the valley. The R/P, value of 1666% is, however, not very meaningful given the fact that the main
source of recharge is from river losses and not precipitation. Stream-driven recharge is likely the
dominant recharge mechanism in the southern interior region for many aquifers in river valleys.
Precipitation input to the water budget was limited to 10% of the annual 1971-2000 normal. While
2011 pumping was only 33% of the recharge, it is unlikely that future groundwater availability would be
sufficient to accommodate a doubling of the 2011 groundwater pumping quantity.

Sensitivity analysis (Table 7) indicates that variations in surface water losses (Q*Wi») and outflow (Q*Wout)
have the largest effect on the water budget and hence the importance of hydrometric measurements. A
10% increase in (Q*Wi,), for example results in a 103% increase in groundwater storage (4 $¥) and a
31% increase in recharge (R). A 10% increase in (Q*Wout), for example results in a 97% decrease in
groundwater storage (4 $°") and an 18% decrease in recharge (R). These surface water parameters also
have a high degree of uncertainty as individual measurement errors can be as high as 50%. The budget is
also sensitive to variations in groundwater pumping (Q*P“™,,,) and groundwater inflow (Q%;,). A 20%
increase in groundwater pumping (QWrump,,,), for example, results in a 41% decrease in groundwater
storage (4 S") and a 5% decrease in recharge (R).

Since the Bennett (2012) water budget was applied to two relatively normal years for flows of the
Salmon River, Q avar and Q auioc estimates may be considered optimistic. While the water budget
demonstrates the interconnection between the groundwater and surface water regimes in the
Westwold Valley, its application based on 2011 data for making future water allocation decisions should
be used with caution. Obedkoff (1976) reports that historically the Salmon River has been the object of
vital concerns to irrigation and fisheries interests, two major conflicting users of a very limited water
resource during the low flow period. Obedkoff (1976) provides some preliminary estimates of surplus
surface flow for future restricted water licences, based on critical minimum depths required for salmon
swimming downstream of the spawning reach (i.e. downstream of Westwold). While recommending
future licensing of groundwater, Obedkoff (1976) does not discuss potential implications for licensing
groundwater and any potential effects on groundwater-streamflow interactions.

Conclusions (Westwold Valley Aquifer)

In applying the GWAM to the available water budget information from Bennett (2012), the following
conclusions are made:

1. Entering the water budget data from Bennett (2012) into the GWAM spreadsheet required a
review, interpretation and clarification of each budget component and reconciliation of
differences in component terminology. Budget equations in the GWAM spreadsheet also
needed to be adjusted to utilize the Bennett (2012) data.

2. The GWAM spreadsheet was originally set up to calculate the recharge (R) quantity as a
residual, based on entering the other parameters. The Bennett (2012) water budget was set up
to calculate monthly changes in groundwater storage (A4 S°W) quantities as a residual. Similar
monthly values and an annual 4 SV value of -3,847,217 m? were calculated for 2011 for both
spreadsheets.

3. River losses and gains are the most sensitive parameters affecting the calculation of
groundwater availability Qavar and future allocation amounts Qaioc (Table 7). A 10% increase in
Q*V,,, for example, doubles the change in groundwater storage (A4 $%), and increases Qavar and
Qauioc by about 47%. Conversely, and 10% increase in @Y, reduces groundwater storage by
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97%, and reduces Qavar and Qarioc by about 27%. This highlights the importance of accurate
hydrometric measurements to support groundwater allocation for stream-driven recharge
systems common in the interior areas of British Columbia.

Based on the GWAM analysis for a relatively normal flow year (2011), the quantity of
groundwater available Qavar Was determined at 1.62E+07 m3 (6774 Igpm) with an estimated
future allocation quantity Q aiioc of 3.51E+06 m3 (1470 Igpm) utilizing a conservative confidence
factor B of 21.7%. Ratios of Q°"WP“P,,: /Qavan, and QPP /R were 49 and 33%, respectively.
The 2011 results of the GWAM spreadsheet analysis for recharge (R), groundwater availability
(Qavan), allocation quantity (Q awoc), (QS"P“™ oyt /Qavan), and (Q€WPU™P,,. /R) all appear to be
reasonable values for a normal flow year when compared to estimates of current groundwater
use and reported water issues in the valley. Individual component data was not available to
calculate the above parameters for 2010.

While 2011 pumping was only 33% of the estimated total recharge, it is apparent from the
GWAM that future groundwater availability would be insufficient to accommodate a doubling of
the 2011 groundwater pumping quantity of 7,939,862 m? (3272 Igpm) since the ratio of
QeéWeump . /Qavan Would approach 100%.

Since the Bennett (2012) water budget was applied to relatively normal year (2011) flows of the
Salmon River, Qavar and Qawoc estimates may be considered optimistic. While the water budget
demonstrates the interconnection between the groundwater and surface water regimes in the
Westwold Valley, its application based on 2011 data for making future water allocation
decisions should be used with caution, particularly for low surface flow years.

The GWAM proved useful for examining the Bennett (2012) water budget data for an
unconfined unconsolidated Type 1b aquifer and interacting surface water regime for a normal
flow year.

Recommendations (Westwold Valley Aquifer)

Based on the analysis conducted of the 2011 water budgets for the Westwold Valley Aquifer the
following recommendations are suggested:

1.

As indicated by Bennett (2012), in the future it will be necessary to manage groundwater and
surface water conjunctively to achieve sustainable water use in the Westwold Valley.

Given the historic water use stresses during low flow periods, better data should be obtained on
both surface water and groundwater use, points of abstraction and potential interactions.
Licensing of groundwater provides an opportunity to refine the water use estimates that have
been made to date.

Existing observation wells along the Westwold Valley should be maintained and low flow
hydrometric monitoring carried out during periods of drought to enable examination of water
budgets for these periods. Given the importance of the streamflow components and potential
measurement errors up to 50%, improvement to hydrometric monitoring network should be
Site specific EFN studies in the Westwold Valley should be conducted to assess the validity of
utilizing an EFN factor of 50% for normal year flows and appropriate EFN factors for below
normal and drought year flow conditions.

As better data is obtained the Bennett (2012) water budget and GWAM analysis should be
updated and refined to improve the groundwater availability estimates.
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4.5 Water Budget For The West Of Aldergrove Aquifer (Type 4b)

4.5.1 General Synopsis

In 2016, Golder Associates Ltd., developed a series of groundwater budgets for seven aquifers in the
Hopington Aquifer — Salmon River area in the Fraser Valley. One of 5 confined aquifers in the area, the
West of Aldergrove Aquifer, Aquifer 33, is an unconsolidated, confined sand and gravel aquifer,
underlying the Hopington Aquifer (Figure 22). It is classified as a confined IIC (12) aquifer under the BC
Aquifer Classification System (Government of British Columbia, 2018f) and occupies an area of 73 km?.
The aquifer can be categorized as a Type 4(b), predominantly confined sand and gravel aquifer of glacial
or pre-glacial origin (Wei et al., 2014). This aquifer area was selected to test the GWAM in a confined
aquifer setting.

Golder Associates Ltd (2016) used a previously developed numerical groundwater model termed the
Township of Langley groundwater model, as a basis for the delineation of hydraulic connections
between aquifers and for input and output parameters used in the water budgeting. Inputs and outputs
were disaggregated to a monthly basis using various assumptions.

4.5.2 Water Budget Recharge Equations and Components

The basic water budget recharge equations proposed for a Type 4(b) predominantly confined sand and
gravel aquifer of glacial or pre-glacial origin can be expressed as:

R = QGWLeakin = (QGWout + QGWpumpDut) - (QGWin) + A SV (Equation 18)

where,

A SGW =] (QGWin + QGWLeakin ) - (QGWpumpout + QGWOUt) (Equation 19)

and:

Q°%;, = groundwater inflow from other aquifers

QfWteak, = |eakage from overlying less permeable units (aquitards)
ASY = change in groundwater storage

QWrump,,. = groundwater pumping

Q% = groundwater outflow to aquitards and other aquifers

R = groundwater recharge (from all sources)

4.5.3 Testing the GWAM for the West of Aldergrove Aquifer

Golder Associates Ltd (2016) provides an Excel® spreadsheet that contains monthly parameter input
data and results obtained for average annual (1945-2012) meteorological conditions and 2011/2012
conditions in the Township of Langley (pumping rates, water demand, etc.). As the confined aquifer was
regarded as generally hydraulically isolated from changes in recharge, inputs and results for dry and wet
years were deemed to be consistent with the average year.

The monthly results compare the sums of the water budget inflows versus the water budget outflows
and whether there is a net surplus or deficit. A surplus or deficit reflects a positive or negative water
level change in the aquifer, which can be compared to available observation well data.

The monthly inflow and outflow data for each parameter from Golder Associates Ltd (2016) was entered
into the GWAM spreadsheet workbook. A brief discussion of the data input (inflow and outflow)
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components utilized in the analyses are provided below. For allocation purposes, a confidence factor g
of 20.8% was estimated for Aquifer 33 using the aquifer/groundwater area confidence rating guide as
shown in Appendix H, Table H3. As the confined aquifer does not appear to discharge to any surface
water sources the EFN factor ¢, was set at 0% for the GWAM analysis. A discussion of the various inflow

and outflow components estimated by Golder Associates Ltd (2016) is as follows:
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Figure 22: Conceptual model of the West of Aldergrove Aquifer. Adapted from Golder Associates Ltd (2016).
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Groundwater Inflow (Q°"i,)

Groundwater inflows for aquifers and aquitards were derived from the numerical model (Golder
Associates Ltd., 2005 and 2014) and apportioned monthly using a constant linear distribution. Seasonal
and monthly variations in inter-aquifer fluxes and aquitards were assumed to be minor as a result of
relatively small changes in observed hydraulic head gradients and varying degrees of hydraulic isolation
from seasonal forcings. Golder Associates Ltd (2016) calibrated the numerical model against the
measured average annual groundwater levels at available monitoring wells. The predicted head
distributions from the calibrated model were used to estimate average annual groundwater fluxes
to/from aquifers and aquitards.

Uncertainties in Estimating Groundwater Inflow: Golder Associates Ltd (2016) estimates that the overall
uncertainty in groundwater fluxes between individual aquifers as predicted by the Township of Langley
groundwater model is expected to be similar to the uncertainty in baseflow predictions or plus or minus
30 to 50%.

Groundwater Leakage (Q°"'t4X;,)

Golder Associates Ltd (2016) reports groundwater leakage from surrounding aquitards as one of the
groundwater inflow components as derived from the numerical model.

Uncertainties in Groundwater Leakage: As discussed under uncertainties in estimating groundwater
inflow, similar errors of plus or minus 30 to 50% would be anticipated.

Groundwater Pumping (Q°"P“™,.:)

Groundwater pumping for municipal purposes was derived from monthly municipal pumping records
from the Township of Langley. Pumping from private industrial, commercial and institutional sources
was originally derived from metered water records from the Township of Langley and extracted from
the groundwater model. Large volume industrial, commercial and institutional water users were
extracted from the model and have their own groundwater budget term. Uses from private agricultural
and private domestic sources were not specifically identified as being significant for the West of
Aldergrove Aquifer.

Uncertainties in Groundwater Pumping: Golder Associates Ltd (2016) estimates uncertainty in
estimating major groundwater users to be in the range of plus or minus 50 to 100%.

Groundwater Outflow (Q°Y,.:

Groundwater outflows for aquifers and aquitards were derived from the numerical model (Golder
Associates Itd., 2005 and 2014) and apportioned monthly using a constant linear distribution. Seasonal
and monthly variations in inter-aquifer fluxes and aquitards were assumed to be minor as a result of
relatively small changes in observed hydraulic head gradients and varying degrees of hydraulic isolation
from seasonal forcings. Groundwater average annual fluxes to/from aquifers and aquitards were used to
identify the presence and magnitude of hydraulic connections and hydraulic head fluctuations were
used for calibration.

Uncertainties in Groundwater Outflow: Golder Associates Ltd (2016) estimates the overall uncertainty in
groundwater fluxes between individual aquifers as predicted by the Township of Langley groundwater
model is expected to be similar to the uncertainty in baseflow predictions, or plus or minus 30 to 50%.
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Results

Results of applying the GWAM utilizing the spreadsheet data from Golder Associates Ltd (2016) are
summarized in Table 8 and

Table 9, and are also shown in Appendix I, Table 13. Table 8 summarizes the inflow and outflow components
estimated by Golder Associates Ltd (2016) and

Table 9 summarizes the inputs and output components in the GWAM spreadsheet analysis. Similar
annual 4 S (surplus or deficit) values of -365 m? and -370 m3were calculated for each spreadsheet
respectively. The difference between the two is likely due to number rounding differences in the two
spreadsheets. Figure 23 and Figure 24 show the relative percentage of each component in the Golder
Associates Ltd (2016) water budget and the percentage of each component in the GWAM water budget.

Comparison between Figure 23 and Figure 24 show similar percentages for the main budget

components. Sensitivity of the parameters was also tested in the GWAM spreadsheet by increasing
each parameter by 5 to 20% and calculating effects on A4 $°%, R, Qavar and Qauoc. Results for this
exercise are shown in Table 10 and discussed in the following section.

In terms of calculating recharge (R), groundwater availability (Qavar ) and an allocation quantity (Qavioc),
the GWAM spreadsheet resulted in the following:

e R of 2.84E+07 m3or 11,884 Igpm,

o QCWeump . of 1.48E+06 m3or 619 Igpm,
e  Qavanof 2.69E+07 m3 or 11,258 Igpm based on an EFN factor &= 0%, and

®  Qauoc of 5.60+06 m* or 2244 Igpm based on a confidence factor §of 20.8%.

e Ratios of Q"WPumP,../Qavan, and Q°WPU™P,.. /R were 5.5 and 5.2%, respectively.

Table 8: Summary of water budget estimates for the West of Aldergrove Aquifer from Golder Associates Ltd (2016).

B
Water Budget Average Year | Average Year V\(I:zt:‘r o::ﬁ:t Average Year | Average Year
Component (1945-2012) (1945-2012) P i (1945-2012) | (1945-2012)
INFLOWS (Q%Win) m?3 lgpm DA ({25 ) m? Igpm
% &P including pumping Ep
From surrounding 28,395,905 11884 To surrounding 27,602,760 11552
aquitards aquitards
FrorTm Abbotsford 251,485 105 To Abbotsford Aquifer 2,048,745 857
Aquifer
FrorTm Brookswood 151,840 64 To Hopington Aquifer 540,930 226
Aquifer
Frorp Hopington AB 123,370 52 To Sputh of Hopington 21,535 9
Aquifer Aquifer
From Hopington C 2,744,435 1149 To Langley Upland 39,785 17
Aquifer Intertill Aquifer
FrorTm South of . 161,330 68 To Sputh of Murrayville 98,185 a1
Hopington Aquifer Aquifer
From Murrayville wells 454,425 190
From Tall Timbers well 22995 10
From Acadia well 9125 4
From Br'ltco, Poppy Est 990245 414
and Spring Valley wells
Totals: 31,828,365 13,322 31,828,730 13,320
ASGW =2 (QGWin) -2 (QGwout)
ASSW = -365
WATER SCIENCE SERIES No. 2021-07 49




Table 9: Summary of water budget estimates for the West of Aldergrove Aquifer based on GWAM spreadsheet.

Water Budget Average Year | Average Year Water Budget Average Year | Average Year
Component (1945-2012) (1945-2012) Component (1945-2012) | (1945-2012)
INFLOWS m3 Igpm OUTFLOWS m3 Igpm
GW Leakage from 28,395,905 11,884 GW Pumping 1,476,795 619
aquitards Q®Wtedk;, (QCWPumP )
GW Inflow (Q%Vin) 3,432,460 1,437 GW Outflow (QWour) 30,351,940 12,703
Totals: 31,828,365 13,321 31,828,735 13,322

QGWin + QGWLeak’,n = QGWpumpaut + QGWout +A sGW

A5 =
R = 2.84E+07 m3or 11,884 Igpm,
QSWeump . = 1.48E+06 m>or 619 Igpm,
Qavar = 2.69E+07 m3 or 11,258 Igpm based on EFN factor & = 0%, and
Qauoc = 5.60E+06 m3 or 2244 Igpm based on, confidence factor £ of 20.8%.
Ratios of QS"WPumP,: / Qavan, and Q°WPUmP,,:/ R = 5.5 and 5.2%, respectively.

Discussion

Entering the water budget data from Golder Associates Ltd (2016) into the GWAM spreadsheet required
a review, interpretation and clarification of each budget component. There were, for example, some
differences in component terminology that needed to be reconciled. Golder Associates Ltd (2016) for
example, lists each inflow component whereas the GWAM lumps components into Q%%i, or QWteak;,,
Budget equations in the GWAM spreadsheet also needed to be adjusted to utilize the Golder Associates
Ltd (2016) data. Inflow and outflow data from Golder Associates Ltd (2016) was also aggregated and
separated in some cases into lumped parameters. The GWAM was originally set up to calculate the
recharge (R) quantity as a residual, based on entering the other parameters. The Golder Associates Ltd
(2016) water budget was set up to calculate monthly changes in groundwater storage (4 $°%) quantities
as a residual. Data from Golder Associates Ltd (2016) was first utilized in the GWAM to calculate values
of A §°" using Equation 19. R was determined from Equation 18 where R = Q®"!¢%;, , based on the data
from Golder Associates Ltd (2016).

The calculated 45" quantities from Golder Associates Ltd (2016) for the average 1945-2012 period
closely match the (2.5 m) range of water level fluctuations that have been historically recorded in
Observation Well 415 completed in the aquifer (Figure 25). The results of the GWAM analysis for
recharge (R), groundwater availability (Q avar ), allocation quantity (Qawoc) , (Q°"P“"™out/ Qavan), and
(QéWeump, ../ R) all appear to be reasonable values based on the estimates of current groundwater use
and historic observation well trends which suggest the aquifer is not being adversely stressed at current
pumping rates. 2017 and 2018 water level data (Figure 25), however, indicates levels near historic
minimum levels. Further investigations of this recent trend would be warranted.
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Figure 23: Percentages of each water budget component for the West of
Aldergrove Aquifer. Data from Golder Associates Ltd (2016).

()

11%
ALLOCATION INPUTS

OGW Leakage from
aquitards QGWLeakin

OGW Inflow (QGWin)

89%

(b) 5%
ALLOCATION OUTPUTS

OGW Pumping
(QGWpumpout)

OGW Outflow (QGWout)

95%

Figure 24: Percentages of each water budget component for the West of
Aldergrove Aquifer from the GWAM spreadsheet.
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Table 10: Results of sensitivity analysis of various parameters for the West of Aldergrove Aquifer. All values in m?except for %.

Parameter | Modified | Initial | Changed Net Initial | Changed Net Initial | Changed Net Initial | Changed Net
by % | Value | Value |Change | Value R| Value |Change | Value Value |Change | Value Value | Change
ASSW | psew % R % Qavar | Qavar % Qaccoc | Qarroc %
QGwm 10 -370 -370 0 28395905 | 28309821 -0.3 26919110 | 26833026 -0.3 5599175 | 5581269 -0.3
QGw’eak,'n 5 -370 1419425 | 383728 | 28395905 | 29815700 5.0 26919110 | 28338905 5.3 5599175 | 5894492 5.3
QCWeump 4 20 -370 -370 0 28395905 | 28948425 1.9 26919110 | 27176272 1.0 5599175 | 5652665 1.0
QGwout 10 -370 -370 0 28395905 | 31688261 11.6 26919110 | 30211466 12.2 5599175 | 6283985 12.2

Water level below ground surface in metres

39.5

Jan1

Mar1l

SGWL.Working@OW415, OBS WELL 415 - LANGLEY (244 ST & 35 AVE - DEEP) (m)

May 1

Jull

Month

Sep1

Nov 1

Jan1l

Historical Max
Historical Mean
Historical Min
2017-Validated
2017-Unvalidated
2018-Validated
2018-Unvalidated

Figure 25: Current and historic water level fluctuation in Observation Well 415. From Government of British Columbia (2018g).
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Groundwater leakage from surrounding aquitards is the largest inflow component while groundwater
outflow to other aquifers and aquitards is the largest outflow component. In cases where a numerical
model is not employed estimates of these components could be made, for example, using Darcy’s Law
and assuming a range of hydraulic conductivity values for the aquitard layers. Sensitivity analysis (Table
10) indicates that variations in leakage from aquitards (Q®"'¢%;,) and outflow (Q®¥,.:) have the largest
effect on the water budget. A 5% increase in (Q®"'ee,,), for example, results in a 5% increase in
recharge (R), and 5.3% increases in Qavar and Qauoc. A 20% increase in groundwater pumping
(Qéweume . ), for example, results in a 1.9 % increase in recharge (R) and 1% increases in Qavar and Qawioc
if AS%Y is held constant. A 10% increase in outflow (Q"W,.:) results in a 11.6% increase in recharge (R),
and 12.2% increases in Qavar and Qauoc , if A S is held constant. It is apparent that variations in
leakage from aquitards (Q°"*'?%;,) and outflow (Q%%,.t) examined individually have a profound effect on
groundwater storage (4 S%). In reality these two components for a confined aquifer are likely inter-
dependent and maintain a relatively constant ratio. Golder Associates Ltd (2016) report that prolonged
periods of drier than average conditions could result in reductions in inflows from aquitards in response
to reduction in recharge to overlying units.

Based on the current water budget estimates groundwater pumping from the West of Aldergrove
aquifer appears to be a relatively low percentage of the potential availability (Q avar) and allocation
quantities (QALLOC)-

While the GWAM suggests that further allocation could be increased substantially above current
pumping rates, significant errors (in the range of 30 to 50%) are inherent in the estimates for both
groundwater inflow and outflow. Confined aquifer systems, with low storativity values can also be
especially sensitive to increased changes in pumping rates that could lead to well interference issues as
drawdown cones can spread more quickly and more widely than in unconfined systems. Recent
2017/18 observation well data indicates levels at or near historical minimums. Future groundwater
allocations for large capacity (> 50 IGPM) wells should be based on long duration (minimum 24 hour)
pumping tests including monitoring of neighbouring wells. Continued monitoring of the aquifer with a
number of additional strategically placed observation wells would be warranted.

Conclusions (West of Aldergrove Aquifer)

In applying the GWAM to the available water budget information from Golder Associates Ltd (2016) the
following conclusions are made:

1. Entering the water budget data from Golder Associates Ltd (2016) into the GWAM spreadsheet
required a review, interpretation and clarification of each budget component and reconciliation
of differences in component terminology. Golder Associates (2016) for example, lists each
inflow component whereas the GWAM lumps components into Q%;, or Q°"*¢ek;.. Inflow and
outflow data from Golder Associates Ltd (2016) was also aggregated and separated in some
cases into lumped parameters. Budget equations in the GWAM spreadsheet also needed to be
adjusted to utilize the Golder Associates Ltd (2016) data.

2. The GWAM spreadsheet was originally set up to calculate the recharge (R) quantity as a
residual, based on entering the other parameters. The Golder Associates Ltd (2016) water
budget was set up to calculate monthly changes in groundwater storage (4 S°V) quantities as a
residual. A similar annual 4 S°W value of -365 m? was calculated for both spreadsheets.

3. Estimates for the leakage rate through aquitards (Q°"'¢;,) and groundwater outflow (Q",ut)
have the largest effect on the estimates for groundwater availability Qavar and future allocation
amounts Qauoc (Table 10). For example, a 5% increase in Q°W*e;, results in 5.3% increases in
Qavan and Qauoc, and a 10% increase in (QW,ut) results in 12.2% decreases in estimates for Q
avai and Qawoc. The aquitard leakage rate and groundwater outflow are the most important
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parameters in developing groundwater availability estimates for confined aquifer systems.
However, these parameters cannot be measured directly and must generally be inferred
through calibration. The availability of representative and long-term water level monitoring
data is important for groundwater allocation of confined systems.

Based on the GWAM analysis for average annual (1945-2012) meteorological conditions, the
quantity of groundwater available Qavar was determined at 2.69E+07 m?* (11,258 Igpm) with an
estimated future allocation quantity Qauoc of 5.60E+06 m? (2244 Igpm) utilizing a conservative
confidence factor B of 20.8%. The GWAM suggests that the current annual pumping of
1.48E+06 m3 (619 Igpm) could be increased by a factor of 4.6 times to a total annual pumping of
about 6.84E+06 m3 (2863 Igpm).

The results of the GWAM analysis for recharge (R), groundwater availability (Qavan), allocation
quantity (Qauoc) , Q°WP“™ ot /Qavan, and QWPUmP .. /R all appear to be reasonable values based
on the estimates of current groundwater use and historic observation well trends which suggest
the aquifer is not being adversely stressed at current pumping rates. Recent 2017/18
observation well data, however, indicates levels at or near historical minimumes, the cause of
which has not been investigated.

While the GWAM suggests that further allocation could be increased substantially above current
pumping rates, significant errors (in the range of 30 to 50%) are inherent in the estimates for
both groundwater inflow and outflow. Groundwater availability and allocation quantities are
also based on results from a numerical model that does not consider effects of extended dry
periods on recharge.

The GWAM proved useful for examining the water budget data for a confined unconsolidated
Type 4b aquifer. The water budget and model are most sensitive to estimates of the aquitard
and inter-aquifer fluxes that may be difficult to quantify in the absence of regional groundwater
modeling.

Recommendations (West of Aldergrove Aquifer)

Based on the analysis conducted of the water budgets for the West of Aldergrove Aquifer, the following
recommendations are suggested:

1.

Given the large degree of uncertainties in estimating various components of the water budget
and current data limitations, efforts to refine the estimates of groundwater use should be
considered. Licensing of groundwater use and annual reporting requirements provide an
opportunity to improve the water use estimates that have been made to date.

Investigations should be carried out to determine possible causes for the historic minimum
water levels observed at Observation Well 415 during 2017/18.

Future groundwater allocations for large capacity (> 50 IGPM) wells should be based on long
duration (minimum 24 hour) pumping tests including monitoring of neighbouring wells to assess
potential interference effects.

Continue monitoring of the aquifer with a number of additional strategically placed observation
wells would be warranted.

Extend the use of the numerical model to look at how additional pumping and variations in
inflow and outflow components may affect the hydraulic head distribution in the aquifer. The
numerical model could also be extended to investigate transient conditions in order to
examine/consider more longer-term seasonal effects, such as extended droughts.
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4.6 Water Budget For The Mill Bay Aquifer (Type 4a)

4.6.1 General Synopsis

In 2017, Harris and Usher, developed a series of groundwater budgets for eleven aquifers in the South
Cowichan region of Vancouver Island. One of 5 overburden aquifers in the area, the Mill Bay Aquifer,
Aquifer 206, is an unconsolidated, unconfined sand and gravel aquifer (Figure 26). It is classified as a
confined IIA (11) aquifer under the BC Aquifer Classification System (Government of British Columbia,
2018f). The aquifer is relatively small (2.6 km?) in area and can be categorized as a Type 4(a),
predominantly unconfined sand and gravel aquifer of glaciofluvial origin (Wei et al., 2014).

Harris and Usher (2017) largely followed the general methodology outlined by the Ministry of
Environment (2014) to determine the groundwater budget. Their study employed the method of MOEE
(1995) wherein partitioning relationships are calculated based on recharge factors, and applied in a GIS
platform discretized on a 50 m grid. Further details of their overall water budget approach are provided
by Harris and Usher (2017).

4.6.2 Water Budget Recharge Equations and Components

The basic water budget recharge equations proposed for a Type 4(a), predominantly unconfined sand
and gravel aquifer of glaciofluvial origin can be expressed as:

R = P + stin + QIRRretumin -ET _Aslakes _ stout' QSWpumpDut (Equation 20)

and,

R + QGWin = A SGW+ Q GWaut + QGWPUMpout (Eq uat|on 21)

where:
P = precipitation (rain and snow)
ET = evapotranspiration
@V, = surface water inflow
Q*Wour = surface water outflow
Q%V,, = groundwater inflow
R = groundwater recharge (from all sources)
A St = change in surface water storage
ASY = change in groundwater storage
Q'RfReturn. - = jrrigation/septic return flow
QcWeump . = groundwater pumping
Q*Wweump, . = surface water pumping

Q%%,,: = groundwater outflow

4.6.3 Testing the GWAM for the Mill Bay Aquifer

Harris and Usher (2017) provide an Excel® spreadsheet that contains monthly parameter input (inflow
and outflow) data and results obtained for:

(a) an average year based on a 30 year (1977-2006) meteorological record;
(b) the driest 3 consecutive years (1987-1989); and
(c) the wettest 3 consecutive years (1997-1999).
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The monthly results compare the sums of the water budget inflows versus the water budget outflows
and whether there is a net surplus or deficit. A surplus or deficit reflects a positive or negative water
level change in the aquifer, which can be compared to available observation well data.
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Figure 26: General location of the Mill Bay Aquifer 206. Adapted from Harris and Usher (2017).
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The monthly inflow and outflow data for key parameters from Harris and Usher (2017) was entered into
the GWAM spreadsheet workbook. A brief discussion of the data input (inflow and outflow)
components utilized in the analyses are provided below. The Harris and Usher (2017) water budget has
also been calibrated to historic observation well records and revised by Rathfelder (2018). Data from
Rathfelder (2018) was also entered into the GWAM spreadsheet workbook for analysis.

For allocation purposes, a confidence factor g of 19.2% was estimated for Aquifer 206 using the
aquifer/groundwater area confidence rating guide as shown in Appendix H, Table H4. Given that the
aquifer discharges in part to Shawnigan Creek via Hollins Creek, a high EFN factor a, of 50% was
assigned for the GWAM analysis. Hollins Creek is known to support salmonids during low flow periods
during the summer months (Anonymous, 2000).

A discussion of the various inflow and outflow components estimated by Harris and Usher (2017) is as
follows:

Recharge (R)

Harris and Usher (2017) estimated direct recharge from precipitation by:

1. Calculating water surplus available for infiltration and runoff from local long term
meteorological records, on a monthly basis using the method of Thornthwaite and Mather
(1957);

2. Partitioning surplus into runoff and infiltration volumes by the calculation of the infiltration
factor; and

3. Extracting the recharge distribution for each aquifer area for input into the water balance.

Recharge was then determined by multiplying the infiltration factors by the surpluses on a cell-by-cell
basis in the GIS platform. Other potential sources of recharge such as groundwater inflow (Q%%;,) was
deemed to be zero due to the presence of only a thin saturated zone in the overburden above the
bedrock near surface at the up gradient western boundary of the aquifer (Harris and Usher, 2017).
Irrigation/septic return flows (QRRetrn, ) were not estimated. The aquifer also receives inflows from
Handysen Creek losses although this component was not included as part of the recharge calculations by
Harris and Usher (2017).

Uncertainties in Recharge: Based on the methods utilized by Harris and Usher (2017) to determine
recharge quantities, potential errors in estimating recharge appear to be within plus or minus 10%.

Groundwater Outflow (Q Yo, )

Harris and Usher (2017) report that groundwater either discharges to Shawnigan Creek via Hollins Creek
or ultimately to Saanich Inlet or exits by leakage out of the aquifer to the underlying bedrock aquifer,
Aquifer 207. Estimates of lateral and vertical contributions were estimated based on Darcy’s Law and
assigning appropriate hydraulic conductivity, gradients and seepage areas.

Uncertainties in Groundwater Outflow: Uncertainties in estimating groundwater outflow largely depend
upon estimates of hydraulic conductivity and are likely within plus or minus one order of magnitude.

Surface Water Losses and Gains, Surface Water Inflow (Q*"i, ), and Surface Water Outflow (Q%"Yo.t)

Harris and Usher (2017) report that for streams that cross over the aquifer, a review of the nearby
potentiometric surface (as defined by shallow wells) with respect to the elevation of the stream was
conducted to see if there were upward hydraulic gradients. This was further checked by examining
provincial records through ENV staff to determine if the stream in question was cool water (implying a
mix of cold and warm water) or cold water, and also to see if there were records of cold water fish in the
streams. If these factors agreed and a stream was determined to have groundwater input, a simple
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calculation of specific flux times streambed area, described below, was undertaken to estimate
groundwater discharge. As a gross approximation, losses from groundwater to the stream may be
calculated as the streambed area (length x width) times the specific discharge times 10%. To
approximate losses from the creek to the aquifer, Harris and Usher (2017) assumed the streambed
condition will be the same as for the upward flowing streams (10% permeable coverage) and simply
reversed that calculation.

For entering into the GWAM spreadsheet, the flow gain and loss data from Harris and Usher (2017)
were set as the surface water inflow parameter (Q*%;,) and the surface water outflow parameter (Q*Wout)
respectively. They represent surface water infiltration into the aquifer and groundwater discharge to
surface water.

Uncertainties in Surface Water Inflow and Surface Water Outflow: Without seasonal streamflow data
against which to calibrate the surface water inflow and outflow quantities, there is a high degree of
uncertainty associated with these estimates. Errors in the range plus or minus 50% may be anticipated.

Groundwater Pumping (Q°“P“"" o)

Harris and Usher (2017) used groundwater usage values reported by Hatfield (2015) and adjusted these
through consultation with the Cowichan Valley Regional District and the Mill Bay Waterworks District to
produce a more realistic consumptive water use impact on the groundwater. As a conservative
approach, they also assumed 100% consumptive use for all water takings, including commercial and
irrigation uses. For agricultural takings, Ministry of Agriculture data were used for withdrawal from
groundwater for irrigation based on van der Gulik et al. (2013). No industrial water takings were
recorded for the aquifer area. Seventy percent of the rural population relies on wells and septic beds
and 30% rely on a sewer collection system, which then discharges the treated water to infiltration
basins. The largest water taking is that of the Mill Bay Waterworks District well fields, where the peak
year (2014) pumping data were used (Thurber, 2016).

Uncertainties in Groundwater Pumping: Harris and Usher (2017) report using an overly conservative
approach to estimating groundwater use and assuming no returns from irrigation or septic disposal
fields. Actual use could be 25 to 50% less than estimated. They report that over half the population is
on rural septic systems, which returns the water to the ground and so are likely only 10% consumptive.

Results

Results of applying the GWAM utilizing the average year spreadsheet data from Harris and Usher (2017)
are summarized in Table 11 and Table 12. Copies of the spreadsheet results are provided in Appendix |,
Table 14. Table 11 summarizes the inflow and outflow components estimated by Harris and Usher
(2017) and Table 12 summarizes the inputs and output components in the GWAM spreadsheet analysis.
Slightly different annual 4 % (surplus or deficit) values of - 789,567 m3 and - 632,390 m3were
calculated for each spreadsheet respectfully. The difference between the two is due to differing
interpretations when monthly recharge estimates are negative values. For the GWAM spreadsheet,
negative recharge values are treated as zero values (i.e. no recharge). Some number rounding
differences also occur in the two spreadsheets. Figure 27 and Figure 28 show the relative percentage of
each component in the Harris and Usher (2017) water budget and the percentage of each component in
the GWAM water budget. Comparison of Figure 27 and Figure 28 show similar percentages for the
outflow budget components and slightly different percentages for the inflow components.
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Table 11: Summary of water budget estimates for the Mill Bay Aquifer from Harris and Usher (2017) for average
year precipitation (1977-2006).

Water Budget Average Year | Average Year Water Budget Average Year Average Year
Component (1977-2006) (1977-2006) Component (1977-2006) (1977-2006)
INFLOWS m3 Igpm OUTFLOWS m3 Igpm
Direct Recharge 912,946 382 Sugjce Water Loss 208,138 37
(R) (@%our)
Surface Water Water Usage
Gain (@) 226,969 95 (QSWPUmP ) 575,588 241
Lateral Groundwater
Loss + Leakage down 1,145,756 480
to Aquifer 207 (Q%Wout)
Totals: 1,139,915 477 1,929,482 808
ASVW = R+ ( SWin) - swout) - (QGWpumPaut) - GWout)
ASW = -789,567

Table 12: Summary of water budget estimates based on GWAM spreadsheet for the Mill Bay Aquifer for average
year precipitation (1977-2006).

Water Budget Average Year | Average Year Water Budget Average Year Average Year
Component (1977-2006) (1977-2006) Component (1977-2006) (1977-2006)
INFLOWS m3 Igpm OUTFLOWS m3 Igpm
Precipitation Surface Water Outflow
Recharge (R) 1,070,123 448 (QWour) 208,138 87
Surface Water Groundwater Pumping
Infiltration (QWin) 226,969 95 (QWPImP, ) 575,588 241
Groundwater outflow
including leakage
down to Aquifer 2017 1,145,756 480
(QGWout)
Totals: 1,297,092 543 1,929,482 808
A SGW = Rp + (stin) - (stout) - (QGWpumpout) - (QGWout)
ASW = -632,390

Rror = 1.30E+06 m3or 543 Igpm,
QeWpump,,,. = 5 76E+05 m3 or 241 Igpm,
Qavar = 1.49E+05 m? or 62 Igpm based on EFN factor a = 50%, and

Qauoc = 2.85E+04 m* or 12 Igpm based on, confidence factor B, of 19.2%.
Ratios of QEWPU™P,,; / Qavan, and QSWPU™P,,. / Rror = 387.3 and 44.4%, respectively.
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Figure 28: Percentages of each water budget component for the Mill Bay

Figure 27: Percentages of each water budget component for the Mill Bay
Aquifer based on the GWAM spreadsheet for average year precipitation.

Aquifer based on data from Harris and Usher (2017) for average year
precipitation.
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Results of applying the GWAM utilizing the dry year (1999) spreadsheet data from Harris and Usher
(2017) are summarized in Table 13 and Table 14. Copies of the spreadsheet results are provided in
Appendix |, Table I5. Table 13 summarizes the inflow and outflow components estimated by Harris and
Usher (2017) and Table 14 summarizes the inputs and output components in the GWAM spreadsheet
analysis. Slightly different annual A SV (surplus or deficit) values of - 1,088,635 m* and - 925,461 m?
were calculated for each spreadsheet respectfully. The difference between the two results is due to
differing interpretations when monthly recharge estimates are negative values as discussed above.
Some number rounding differences also occur in the two spreadsheets. Figure 29 and Figure 30 show
the relative percentage of each component in the Harris and Usher (2017) water budget and the
percentage of each component in the GWAM water budget. Comparison of Figure 29 and Figure 30
show similar percentages for the outflow budget components and slightly different percentages for the

inflow components.

Table 13: Summary of water budget estimates for the Mill Bay Aquifer from Harris and Usher (2017) for driest

period (1987-1989) precipitation.

Water Budget Driest Period | Driest Period Water Budget Driest Period Driest Period
Component (1987-1989) (1987-1989) Component (1987-1989) (1987-1989)
INFLOWS m3 Igpm OUTFLOWS m3 Igpm
Direct Recharge Surface Water Loss
(R) 614,176 257 (QWour) 208,138 87
Surface Water Gain Water Usage
Q) 226,969 95 (QEWPUP ) 575,588 241
Lateral Groundwater
Loss + Leakage down to 1,146,054 480
Aquifer 207 (Q°Wout)
Totals: 841,145 352 1,929,780 808
ASW = Re+ (@Vin) - (QWout) - (Q°VP“™Pout) - (QWout)
A SV = -1,088,635

Table 14: Summary of water budget estimates based on GWAM spreadsheet for driest period (1987-1989)

precipitation.
Water Budget Driest Period | Driest Period Water Budget Driest Period Driest Period
Component (1987-1989) (1987-1989) Component (1987-1989) (1987-1989)
INFLOWS m?3 lgpm OUTFLOWS m3 Igpm
Precipitation 777,350 325 Surface Water Outflow 208,138 87
Recharge (Rp) (QWour)
Surface Water 226,969 95 Groundwater Pumping 575,588 241
Infiltration (Q"Win) (QEWPUmP o)
Groundwater outflow 1,146,054 480
including leakage down
to Aquifer 2017 (Q%Wour)
Totals: 1,004,319 420 1,929,780 808
A SGW = Rp + ( Swin) - ( swout) - (QGWpumpout) - ( Gwout)
ASW = -925,461
Rror = 1.00E+06 m3or 420 Igpm,
QEWeump,, . = 5 76E+05 m3 or 241 Igpm,
Qavar = -1.44E+05 m3 based on EFN factor a = 50%, and
Qauoc = -2.77E+04 m® based on, confidence factor S, of 19.2%.
Ratios of QSWPumP,; / Qavan, and Q°WP¥™P,,: / Rror = -398.9 and 57.3%, respectively.
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Figure 29: Percentages of each water budget component for the Mill Bay
Aquifer based on data from Harris and Usher (2017) for driest period (1987-
1989) precipitation.

Figure 30: Percentages of each water budget component for the Mill Bay
Aquifer based on the GWAM spreadsheet for the driest period (1987-1989)
precipitation.
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Table 15: Summary of water availability and allocation estimates for the Mill Bay Aquifer.

Water Rp/P Qavan Qarroc QEWPump, \/ Qavar. | QEWPUMP, 1/ Rror ASSW QG O out QGwout Rror
Budget % m? m? % % m?3 m? m?3 m3

Average

:ﬁg{;gﬂ::ns 28.6 | -2.36E+05 | -4.52E+04 244.4 50.5 -7.90E+05 | 5.76E+05 | 1.15E+06 | 1.14E+06
r

2016)

Average

z’gsvrAM) 33.6 | 1.49E+05 | 2.85E+04 387.3 44.4 -6.32E+05 | 5.76E+05 | 1.15E+06 | 1.30E+06

spreadsheet

Average
Year
(Rathfelder 33.5 | 4.06E+05 2.80E+04 93.1 29.8 -7.79E+04 | 3.78E+05 | 9.68E+05 | 1.27E+06
(2018) after

Harris and
Usher, 2016)

Average
Year
Rathfelder 33.5 5.63E+05 1.08E+05 67.1 26.5 7.92E+04 3.78E+05 9.68E+05 | 1.43E+06
(2018) and

(GWAM)
spreadsheet

Driest
Period
1987-1989 25.1 | -3.07E4+05 | -5.90E+04 -187.2 68.4 -1.09E+06 | 5.76E+05 | 1.15E+06 | 8.41E+05
(Harris and
Usher, 2016)

Driest Period

19(533\;;;?9 31.8 | -1.44E+05 | -2.77E+04 -398.9 57.3 -9.25E+05 | 5.76E+05 | 1.15E+06 | 1.00E+06

spreadsheet

Driest Period
1987-1989
(Rathfelder 251 | 1.07E+05 2.06E+04 351.7 39.0 -3.76E+05 | 3.78E+05 | 9.68E+05 | 9.70E+05
(2018) after

Harris and
Usher, 2016)

Driest Period
1987-1989
Rathfelder 31.7 | 2.71E+05 | 5.19E+04 139.7 33.4 -2.13E+05 | 3.78E+05 | 9.68E+05 | 1.13E+06
(2018) and

(GWAM)
spreadsheet
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Table 16: Results of sensitivity analysis of key water budget parameters for the Mill Bay Aquifer.

All values in m3 except for %.

Parameter | Modified Initial Changed Net Initial Changed Net Initial | Changed Net Initial | Changed Net
by Value Value |Change| Value Value Change | Value Value | Change | Value Value | Change
ASSW ASEW % Rror Rror % Qavan Qavan % Qarioc Qarroc %
Rp 10 -632390 -525378 16.9 1297092 1404104 8.3 148626 255638 72.0 28536 49083 72.0
QGWp"mpout 10 -632390 -689949 -9.1 1297092 1297092 0.0 148626 91067 -38.7 28536 17485 -38.7
QGWout 10 -632390 -746966 -18.1 1297092 1297092 0.0 148626 91338 -38.5 28536 17537 -38.5
Q¥ 10 -632390 | -609693 3.6 1297092 1319789 1.7 148626 | 171323 15.3 28536 32894 15.3
QW our 10 -632390 | -653204 -3.3 1297092 1297092 0.0 148626 | 148626 0.0 28536 28536 0.0
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A similar approach was used to examine the revised water budget estimates prepared by Rathfelder
(2018) for the average year and driest period (1987-1989) data. Copies of the spreadsheet results for
this review are provided in Appendix |, Tables |6 and 17.

Table 15 provides a summary of the water availability and allocation estimates obtained from testing the
various data sets.

Sensitivity of the parameters was also tested in the GWAM spreadsheet by increasing key parameters by
10% and calculating effects on 4 $Y, Rror, Qavar and Q auoc. Results for this exercise are shown in Table
16 and discussed in the following section.

Discussion

Entering the water budget data from Harris and Usher (2017) into the GWAM spreadsheet required a
review, interpretation and clarification of each budget component. There were, for example, some
differences in component terminology that needed to be reconciled. Budget equations in the GWAM
spreadsheet also needed to be adjusted to utilize the Harris and Usher (2017) data. Outflow data from
Harris and Usher (2017) was also aggregated and separated in some cases into lumped parameters. The
GWAM spreadsheet was originally set up to calculate the recharge (R) quantity as a residual, based on
entering the other parameters. The Harris and Usher (2017) water budget was set up to calculate
monthly changes in groundwater storage (45"%) quantities as a residual.

The calculated ASY quantities from Harris and Usher (2017) for the average and driest periods as
shown in Table 15 are all deficit values. Calculated Qavar and Qaiioc values are also negative indicating
that groundwater use is currently not sustainable at rates of 51% of the estimated total recharge. While
indicating a slightly lower deficit in AS°" the GWAM analysis for the average period indicates some
additional groundwater, albeit a very small amount, (2.85E+04 m3or 12 Igpm) may be available for
future allocation. This is the result of the higher recharge figures used in the GWAM analysis as
discussed previously. The GWAM analysis for the driest period also indicates a deficit in AS°" and
negative values for Qavar and Qawocas would be expected.

The calculated A4S quantities from Harris and Usher (2017) for the average 1945-2012 period were not
calibrated with any observation well data. Rathfelder (2018) was able to revise the water budget data
from Harris and Usher (2017) and calibrate the monthly ASY quantities with historic water level
fluctuations for the inactive Observation Well 350.

The water budget results produced by Rathfelder (2018) as shown in Table 15 likely provide the most
reasonable estimates for future groundwater availability (Q avar) and allocation (Q awioc) quantities. They
indicate a surplus value for AS®Y for average conditions and a deficit ASW for the driest period. Based
on the Rathfelder (2018) water budget estimates, some additional groundwater water allocations in the
range of 5.19E+04 to 1.08E+05 m3 (22 to 45 Igpm) may be warranted, based on the driest and average
periods, respectively. The question arises, however, should further groundwater allocations be
approved if ASY is indicating a deficit situation? Qavar and Qawoc are dependent upon the total
recharge (Rror), groundwater pumping (Q°"P ™ ,,:) and groundwater outflow (Q®W,ut). From the various
water budget analyses conducted, A4S appears related to the ratio of groundwater pumping to the
total recharge (Q"P“™,,: / Rror) as shown in Figure 31. As groundwater pumping begins to exceed
about 25% of the total recharge, A SV begins to shift towards deficit values. In reality it is possible that
increases in groundwater pumping may be offset by decreases in groundwater outflow. Nevertheless,
deficit A §° values suggest that a cautionary approach should be taken before allocating additional
guantities of groundwater and additional investigations and monitoring undertaken to understand
reasons for the estimated deficit A4 S condition.
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Figure 31: Relationship between A W and (Q®"P“™P . / Rror) for the Mill Bay Aquifer based on various water
budget analyses.

For the Mill Bay Aquifer, a relatively high EFN factor a of 50% was assigned for the GWAM analysis
based on little available information. Total groundwater outflow (Q%%,ut) from the aquifer for the
average period was reported by Harris and Usher (2017) at 1.15E+06 m? with leakage of 7.72E+05 m?
(67%) to the underlying bedrock and a lateral groundwater flow component of 3.74E+05 m?3 (33%).
Given that the majority of the estimated outflow is to the bedrock aquifer the assigned EFN factor
appears conservative. Further EFN investigation of the surface sources and springs in the region down
gradient of the aquifer would be needed to provide a more definitive assessment of the EFN factor.

Precipitation is the largest inflow component while groundwater pumping and outflow to other aquifers,
streams and the ocean are the largest outflow components. Sensitivity analysis (Table 16) indicates that
variation in precipitation recharge has the largest effect on the water budget. A 10% increase in Rp, for
example, results in a 72% increase Qavarand Qawoc. A 10% increase in groundwater pumping
(QWeump,..), for example, results in a 38.7% decrease in Qavar and Qawoc. Similarlya 10% increase in
(Q%W,ut) results in a 38.5% decrease in Qavar and Qawioc.

Conclusions (Mill Bay Aquifer)

In applying the GWAM to the available water budget information from Harris and Usher (2017) the
following conclusions are made:

1. Entering the water budget data from Harris and Usher (2017) into the GWAM spreadsheet
required a review and clarification of each budget component and reconciliation of differences
in component terminology. Outflow data from Harris and Usher (2017) was also aggregated and
separated in some cases into lumped parameters. Budget equations in the GWAM spreadsheet
also needed to be adjusted to utilize the Harris and Usher (2017) data.

2. The GWAM spreadsheet was originally set up to calculate the recharge (R) quantity as a
residual, based on entering the other parameters. The Harris and Usher (2017) water budget
was set up to calculate monthly changes in groundwater storage (4S°%) quantities as a residual.
Slightly different annual AS% (surplus or deficit) values were calculated for each spreadsheet.
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The difference between the two is due to differing interpretations when monthly recharge
estimates are negative values. For the GWAM spreadsheet, negative recharge values are
treated as zero values (i.e. no recharge).

The calculated 4 §¢% quantities from Harris and Usher (2017) for the average and driest periods
were all deficit values and calculated Qavar and Qawoc values are also negative indicating that
groundwater use is currently not sustainable at rates of 51% of the estimated total recharge.
The water budget results produced by Rathfelder (2018) that were calibrated with historic
observation well data, likely provide more reasonable estimates for future groundwater
availability (Qavar) and allocation (Qawuoc) quantities. They indicate a surplus value for A S€¥ for
average conditions and a deficit A4 SV for the driest period. Deficit A S values suggest that a
cautionary approach should be taken before allocating additional quantities of groundwater and
additional investigations and monitoring undertaken to understand reasons for the estimated
deficit A S conditions.

Based on the Rathfelder (2018) water budget estimates, some additional groundwater water
allocations in the range of 5.19E+04 to 1.08E+05 m3 (22 to 45 Igpm) may be warranted based on
the driest and average periods respectively.

Based on the GWAM analysis for driest period (1987-1989) meteorological conditions, and
modifications of the water budget by Rathfelder (2018), the quantity of groundwater available
Qavan Was determined at 2.71E+05 m3 (113 Igpm) with an estimated future allocation quantity
Q awoc of 5.19E+04 m? (22 Igpm) utilizing a conservative confidence factor B of 19.2%.
Precipitation is the largest inflow component while groundwater pumping and outflow to other
aquifers, streams and the ocean are the largest outflow components. Sensitivity analysis
indicates that variation in precipitation recharge has the largest effect on the water budget. A
10% increase in Rp, for example, results in a 72% increase in Qavar and Qawoc. A 10% increase in
groundwater pumping (Q"P“™,,,), for example, results in a 38.7% decrease in Qavar and Qavioc.
Similarly a 10 % increase in (QWout) results in a 38.5% decrease in Qavar and Qavoc.

The GWAM proved useful for examining a range of water budgets for an unconfined
unconsolidated Type 4a aquifer.

Recommendations (Mill Bay Aquifer)

Based on the analysis conducted of the water budgets for the Mill Bay Aquifer, the following
recommendations are suggested:

1.

Given the large degree of uncertainties in estimating various components of the water budget
and current data limitations, efforts to refine the estimates of groundwater use should be
considered. Licensing of groundwater use and annual reporting requirements provide an
opportunity to improve the water use estimates that have been made to date.

Consideration should be given to re-establishing an observation well in Aquifer 206 to enable
future calibration of water budget analyses conducted of the aquifer and assess whether deficit
changes in groundwater storage (4 %) are prevalent.

As groundwater pumping is a significant component of the Mill Bay Aquifer and the underlying
Aquifer 207, it may be beneficial to compile and analyze any available long-term pumping
records for both aquifers in conjunction with available observation well data to determine any
significant trends.

Further EFN investigations of the surface sources and springs in the region down gradient of the
aquifer should be undertaken to provide a more definitive assessment of the EFN factor.
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5. PART 4 — OVERALL CONCLUSIONS

5.1 Use of GWAM

Based on the results of testing the GWAM in four aquifer areas where previous water budgets have
been completed, the following conclusions are made:

1.

The GWAM is a useful preliminary assessment tool for compiling, interpreting and comparing
the results of one or more water budgets that may have been conducted of any particular
aquifer or area.

The GWAM proved useful for examining a range of water budgets covering a range of different
aquifer types including unconfined Type 1(b) and Type 4(a) unconsolidated aquifers, a confined
Type 4(b) unconsolidated aquifer and a Type 5(a) fractured bedrock aquifer.

The GWAM can be used as a stand-alone spreadsheet for conducting a water budget analysis of
an aquifer or for incorporating data and documenting methods from previously prepared water
budgets.

Given the variety of terms that may be assigned by investigators to various components and
sub-components in any water budget analysis, the allocation methodology provides a
framework for reducing terms to key water budget parameters for comparative purposes. It
may be used, therefore, to compare the results of any number of water budgets prepared for an
aquifer.

The GWAM provides conservative estimates for groundwater availability (Qavanr) above current
estimated use and quantities available for future allocation (Qawoc), including consideration of
EFN. In cases where water budgets indicate deficit changes in groundwater storage (4 $¢%) and
some future allocation is indicated, a cautionary approach should be taken before allocating
additional quantities of groundwater and additional investigations and monitoring undertaken
to understand reasons for the estimated deficit 4 S°¥ conditions.

As a potential allocation tool, the GWAM should be viewed as a preliminary decision support
tool and not utilized in isolation. Results of using the methodology are dependent on the
availability and accuracy of the data sets examined, the validity and specifications of the
conceptual model of the aquifer developed and assumptions made in the water budget. A high
degree of uncertainty, lack of key data and imprecise estimates are often associated with any
analysis of hydrologic systems. The degree of certainty can be improved by using the GWAM to
focus characterization and data collection on the most sensitive components, employing more
than one methodology and comparing results for consistency.

Given the large degree of uncertainties in estimating various components of water budgets,
efforts to refine the estimates of groundwater use should be considered before allocating any
significant groundwater quantities for future us. Efforts to improve the accuracy of current
groundwater use would be especially beneficial. Licensing of groundwater use and annual
reporting of monthly usage would provide an opportunity to improve the water use estimates
that have been made to date.

For aquifer areas where domestic wells are the most prevalent type of groundwater use, e.g.
Gabriola Island and other Gulf Islands, it may be prudent to include an allowance for potential
water use by existing well owners exercising their full rights for domestic water use in the
future.

In evaluating the results of any water budget analysis it would be prudent to also consider any
indicators or evidence of any groundwater stresses that may be occurring in the area of
investigation related to: water quantity conflicts such as well interference, reported wells going
dry, well deepening, declining groundwater level trends, reduced spring flows, degradation of
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physical or chemical water quality including salt water intrusion, groundwater-surface water
conflicts, drought impacts, low flow concerns and potential impacts on aquatic habitat and
fisheries.

5.2 Estimated (Qavai) and (Qatioc) for the Four Test Areas

Table 17 summarizes the estimated values of (Q avar) and (Qawioc) obtained using the GWAM for the four
test aquifers and limitations of the water budgets examined.

6. PART 5 - RECOMMENDATIONS FOR FUTURE INVESTIGATION

In preparing this report a number of potential avenues for future investigation were identified as

follows:

1.

A survey of the specific methods used by other provinces and territories in Canada to determine
groundwater availability and allocation quantities has not been carried out for this project.
Provincial staff should contact the various agencies responsible for groundwater allocation
across the country to survey and assess their approach and experience with this activity.

A regional mapping program aimed at delineating groundwater discharge areas for all mapped
aquifers, sensitive streams and streams with Water Allocation Restrictions would be of benefit
to water management planning in these areas. Methods that could be used for this program are
provided in Appendix B, Table B1 and may include, for example, identifying areas of flowing
artesian wells, zones of spring discharges, and assessing stream temperature data.
Consideration should be given to developing baseflow indices (BFI) for watersheds in British
Columbia where hydrometric data is available. Methods developed by Barlow et al. (2015) for
the United State Geological Survey (USGS), for example, may be appropriate for this work.
Water budget analyses would benefit by utilizing interdisciplinary teams of hydrologists,
hydrogeologists and biologists to plan, investigate and integrate their approaches and findings
for these activities.

In conducting future water budget analyses it may be beneficial to develop a standard set of
symbols and terminology used to identify the specific budget components and subcomponents
that are normally evaluated. The symbology utilized by Healy (2010), for example, would be
worth considering.
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Table 17: Summary of (Qavar) and (Qawoc) quantities obtained using the GWAM analysis for the four test aquifers.

AQUIFER DESCRIPTION LOCATION AQUIFER | AREA Q avan Q avan Qauoc | Qauoc COMMENTS LIMITATIONS
TYPE NO. km? m? lgpm m3 lgpm

5(a) fractured Gabriola Island 706 and 52.2 1.54E+06 645 2.31E+05 97 Based on recharge rate of 10% | Analysis did not include any
sedimentary 709 of the driest year (1985) estimates of ET, Q/RRreturn,
bedrock precipitation. AStokes | QW QSWeump

ASSW or QSW,,,. EFN not
considered.

1(b) unconfined, Westwold Valley | 98 and 37 6.87E+06 2875 1.49E+06 624 Based on the GWAM analysis Data currently unavailable for a
unconsolidated 289 for a relatively normal flow year | low flow year. Q ayan and
along rivers of (2011). Q auoc quantities are
moderate stream optimistic and do not include
order potential GW-SW interactions.

4(b) confined, Woest of 33 73 2.69E+07 11,258 | 5.60E+06 | 2244 | Based on GWAM analysis for Prolonged periods of drier than
unconsolidated Aldergrove average annual (1945-2012) average conditions could result

meteorological conditions. in reductions in inflows from
aquitards in response to
reduction in recharge to
overlying units.

4(a) unconfined, Mill Bay 206 2.6 2.71E+05 113 5.19E+04 22 Based on GWAM analysis for Additional groundwater
unconsolidated driest period (1987-1989) development of the aquifer

meteorological conditions, and | appears to be very limited.
modifications of the water
budget by Rathfelder (2018).
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7. CLOSURE

This report was prepared in accordance with generally accepted engineering, hydrogeological and
consulting practices. It is intended for the prime use of the Government of British Columbia, in
connection with its purpose as outlined under the scope of work for this project. This report is based on
data and information available to the author from various sources at the time of its preparation and the
findings of this report may therefore be subject to revision. Data and information supplied by others
has not been independently confirmed or verified to be correct or accurate in all cases. Any errors,
omissions or issues requiring clarification should be brought to the attention of the author. The author
and Hy-Geo Consulting accept no responsibility for damages suffered by any third party as a result of
any unauthorized use of this report.

Respectfully submitted:

Alan P. Kohut, PEng
Senior Hydrogeologist
Hy-Geo Consulting
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APPENDIX A. REPRESENTATIVE WATER BUDGET EQUATIONS

Table A1. Summary of representative water budget equations for various aquifer types.

TYPE DESCRIPTION

REPRESENTATIVE WATER BUDGET EQUATIONS

COMMENTS

A. UNCONSOLIDATED AQUIFERS

1. predominantly unconfined aquifers of fluvial or
glaciofluvial origin,along river or stream valleys

1a. | aquifers along major rivers of higher stream
order

P + stin + QGWin + QIRRreturnin — R + ET _ ASGW + QSWOUI _
QGWpumpout+ (DSWpumpOut - Q GWout

P, ET and Q%W will likely be significant

1b. aquifers along rivers of moderate stream order

P+ QSWin + QGWin + QIRRreturnin = R+ ET - ASGW + QSWout -
QGWpumpout+ (DSWpumpOut . Q GWout

P, ET and Q5% will likely be significant

1c. aquifers along lower order (< 3-4) streams

P+ QSWin + QGWin + QIRRreturnin = R+ ET - ASGW + QSWout -
QGWpumpout+ (DSWpumpOut . Q GWout

P, ET and Q5% will likely be significant

2. predominantly unconfined deltaic sand and
gravel aquifers

P+ QSWCreeksm + QGWin + QIRRretumin = R+ ET - ASGW +
QSWoyut - QEWPUMP, ¢ + QSWPUMP - Q CWo

hydraulic connection with surface
waters significant

3. predominantly unconfined alluvial fan, colluvial
sand and gravel aquifers.

P+ QSWin + QGWin + QIRRreturnin = R+ ET - ASGW + QSWout -
QGWpumpout+ (DSWpumpOut - Q GWout

hydraulic connection with surface
waters significant

4. sand and gravel aquifers of glacial or pre-
glacial origin

4a. predominantly unconfined sand and gravel
aquifers of glaciofluvial origin

P+ QSWin + QGWin + QIRRretumin = R + ET - ASGW 4+ ASlLakes 4
stout - QGWpumpOut + QSWpumpOut - Q GWOut

P and ET will likely be significant

4b. predominantly confined sand and gravel
aquifers of glacial or pre-glacial origin

QSWin + QGWin + QGWLeakin = R - ASGW + QSWout - QGWpumpOut +
QSWeump i - Q CWo ¢

(a) P and ET may not be significant, (b)
Mountain Block Recharge (MBR) and
leakage under pumping conditions from
overlying layers may be significant

4c. predominantly confined sand and gravel
aquifers associated with glaciomarine
environments

QSWin + QGWin + QGWLea\kin = R - ASGW + QSWout _ QGWpumpout+
QSWPUMB, - Q Wy

(a) P and ET may not be significant, (b)
Mountain Block Recharge (MBR) and
leakage under pumping conditions from
overlying layers may be significant
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Table A1 (Cont.). Summary of representative water budget equations for various aquifer types.

TYPE DESCRIPTION REPRESENTATIVE WATER BUDGET EQUATIONS COMMENTS
B. BEDROCK AQUIFERS
5. sedimentary rock aquifers
5a. | fractured sedimentary bedrock aquifers (a) P and ET will likely be less
P+ QSW,, + QRRreum, = R 4+ ET - ASGW 4 fSSWiakes 4 QSW, Sltgnlftlpgtnt agd |Imlte((jj byt aqfllJlfer .
- QOWoump, + QSWump,, - Q OW storativi y, (b) groundwa er flow an
out out out available storage calculations should be
considered
5p. karstic limestone aquifers (a) ET may be be less significant, (b)
aquifer storativity may be highly
SW. IRRreturn.  — . eGwW SWiak Sw variable and high in some areas, (c)
P +G(V€pum'; *Q ;;;T;‘p = R gWET ASEH + ASPHEE + Q%ou groundwater flow and available storage
-Q out+ Q out = Q *Wout calculations should be considered,(d)
interaction with surface water regimes
likely
6. crystalline bedrock aquifers
6a. | flat-lying or gently-dipping volcanic flow rock (a) ET may be less significant, (b)

aquifers

P+ QSWin + QGWin + QIRRretumin = R+ ET - ASGW 4+ ASSWiakes
+ QSWoyut - QEWPUMP, ¢ + QSWPUMP, - Q CW oy

aquifer storativity may be highly
variable and high in some areas, (¢)
groundwater flow and available storage
calculations should be considered,(d)
interaction with surface water regimes
likely
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APPENDIX B. ESTIMATING GROUNDWATER DISCHRAGE SUPPORTING AQUATIC HABITAT

B.1 Groundwater Flow Systems

In any region or aquifer, groundwater is always in a dynamic state moving from areas of higher energy
(recharge areas) towards areas of lower potential energy (discharge areas). The resultant groundwater
flow systems that develop may be relatively shallow or very deep reflecting recharge that may have

occurred recently or many tens or thousands of years ago. These concepts are illustrated in Figure B1.

RECHARGE AREA
DISCHARGE AREA

[ g
Ty @l
v r 9 ¢

PUMPED WELL

Water table

Unconfined
aquifer

Confined
aquifer

Confining bed

Confined

= aquifer Millennia

Figure B1: Schematic cross-section illustrating groundwater flow systems, recharge and discharge areas. Adapted
from Winter et al., (1998).

Groundwater flow systems range from being local (10° to 102 m) to intermediate (10% to 10*m) and
regional (103 to 10°m) in scale (Hayashi and Rosenberry, 2002). Local flow systems are the most
dynamic being the shallowest flow systems and having the greatest potential for interchange with
surface waters. In groundwater recharge areas, groundwater is moving downwards and laterally. In
groundwater discharge areas, groundwater is moving upwards where it may discharge at the land
surface as springs or continue to move laterally downgradient where confined by overlying units of
lower permeability. Groundwater discharge areas tend to occur at lower elevations, at the bottoms of
linear and circular depressions in the topography, on lower reaches of slopes and depressions, as well as
near major breaks in slopes (Téth, 1971). Evidence of discharge at the ground surface is not a
prerequisite for delineating a groundwater discharge area, zone or region.

B.2 Identifying Groundwater Discharge Areas

Groundwater discharge areas may be identified, mapped, and measured using a number of different
methods as outlined in Table B1. Some methods used to identify and measure groundwater discharge
areas can also be used to quantify the discharge. A comprehensive discussion of each of these methods
is beyond the scope of this report. Some specific methods for quantifying groundwater discharge are
discussed in the following sections. Figure B2 illustrates some examples of groundwater discharges
occurring in a mountainous watershed environment, including springs, lines of springs, discharge areas
along a change in slope and groundwater discharge from unconfined and partially confined
unconsolidated alluvial aquifers contributing to the baseflow of a high order stream.
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Table B1: Methods available for identifying and measuring groundwater discharge.

General
Method

Specific Methods

Principles

Example References

Mapping

spring and seepage zone locations from
existing databases, aerial photography
interpretation and field mapping

indicates upward moving groundwater

Toth (1971), Kreye et al., (1996), Kohut and
Johanson (1998), Springer and Stevens
(2009), Hinton (2014)

distribution of flowing artesian wells from
existing databases and field surveys

hydraulic heads above ground level indicating
upward moving groundwater

Toth (1971), Kohut and Johanson (1998)

distribution of wetlands from topographic
maps, aerial photography interpretation and
field mapping

may indicate upward moving groundwater

Toth (1971), Keser (1976)

distribution of saline soils from existing
databases and aerial photography

evapotranspiration of discharging groundwater
with elevated concentrations of dissolved minerals
may indicate upward moving groundwater

Téth (1971)

distribution of muck and peat deposits from
soil and surficial geology mapping

may indicate upward moving groundwater

Téth (1971), Keser (1976)

distribution of phreatophytes from existing
vegetation maps, databases and field

mapping

indicate zones of upward moving groundwater

Toth (1971), Batelaan et al., (2003),
Rosenberry et al., (2000)

distribution of spawning beds from existing
databases and field mapping

indicates zones of upward moving groundwater
which moderates stream temperatures, cooler in
summer and warmer in winter

Curry and Noakes (1995), Soulsby et al.,
(2009), Meisner et al., (1988), Douglas
(2006)

thermal satellite imagery

in shallow groundwater systems, upward fluxes of
groundwater discharge reduces seasonal
temperature variation in layers close to and at the
surface, enables delineation of discharge zones
indicating cooler temperatures in summer and
warmer temperatures in winter

Sass et al., (2013), Barron and Van Niel
(2009).

infrared satellite thermography

enables delineation of zones indicating cooler
temperatures in summer and warmer
temperatures in winter

Banks et al., (1996), Schuetz and Weiler
(2011), Culbertson et al., (2014).

interferometric synthetic aperture radar
(INSAR)

generates maps of surface deformation or digital
elevation

Committee on Hydrologic Science, (2004)

geological and geomorphologic contact
zones from published maps, aerial
photography interpretation and field surveys

groundwater discharging along contact zones
reflecting changes in rock type and permeability

Kreye et al., (1996), Kohut (1988)
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Table B1 (cont.). Methods available for identifying and measuring groundwater discharge.

General
Method

Specific Methods

Principles

Example References

Mapping (cont.)

geomorphological features from
published maps, aerial photography
interpretation and field surveys

e.g. lower slopes of alluvial fans, distributary channel
features, deltas, and estuaries indicating zones of
discharging groundwater

Springer and Stevens (2009)

distribution of karst deposits from
published geological maps

karst features, sinkholes, springs

Springer and Stevens (2009), Hinton (2014)

water table mapping, from water levels
in wells

converging water table contours

Toth (1971), Liebscher et al., (1992).

numeric groundwater flow models

enables identification of recharge and discharge
zones, based on water level contours and hydraulic
conductivity values

Stoertz and Bradbury (1989)

GIS applications

mapping of recharge and discharge areas

Lin et al., (2016)

Measurement
and surveys

surface water temperature
measurements, thermal profile
measurements from field surveys

enables delineation of zones indicating cooler
temperatures in summer and warmer temperatures
in winter

Vaccaro and Maloy (2006)

soil temperatures from field surveys

cooler temperatures in summer and warmer
temperatures in winters

Cartwright (1974)

distribution of streambed temperatures
from field surveys

cooler temperatures in summer and warmer
temperatures in winters

Conant (2004), McCallum et al., (2014)

groundwater chemistry indicators from
existing databases and field surveys

elevated levels of conductivity, total dissolved solids,
chloride, iron and other major ions in water samples,

Toth (1971), Batelaan et al., (2003), Soulsby
etal., (2009).

geochemical tracing techniques,
including introducing tracers into
streams

monitoring of variations in natural isotopes and
other chemical, e.g. radon-222 (*?2Rn), monitoring
dilution of tracers with time

geochemical tracing techniques, including
introducing tracers into streams Kilpatrick
and Cobb (1985).

low flow monitoring and hydrograph
analysis based on existing databases and
field surveys

indications of baseflow components of streamflow,
hydrograph baseflow separation, recession analysis

Winter et al., (1998), Costelloe et al., (2015).

stream discharge measurements

enables identification of gaining and losing reaches
of streams indicative of groundwater discharge and
recharge zones

Vaccaro and Maloy (2006), Lowen and
Letvak (1981), Richards (1987), Poole (2001)

stream gradients from topographic
mapping

changes in slope from steep to shallow

Téth (1971)
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Table B1 (cont.)

. Methods available for identifying and measuring groundwater discharge.

General

surface

Method Specific Methods Principles Example References
Measurement |topography, digital elevation models groundwater discharging at toe of slopes, Toth (1971), Brydsten (2006)
and surveys (DEM) and slope analysis delineation of discharge zones based on DEM, shape
(cont.) of water table is a subdued replica of the land

electrical resistivity tomography (ERT)
surveys

land and water based electrical surveys to indicates
groundwater- surface water interfaces and discharge
zones

Ji (2016)

lake sediment temperatures from field
surveys

enables delineation of zones indicating cooler
temperatures in summer and warmer temperatures
in winter compared to air and surface water
temperatures

Harvey et al., (1997)

seepage meter monitoring and
piezometer water level readings, flow
net analyses

instruments used to measure shallow groundwater
point discharge into surface waters, flow directions
and estimate flow

Lee (1977), Lee and Cherry (1978), Fetter
(1994)

electrical conductivity profiling of
streams

enables identification of groundwater discharge
zones with higher electrical conductivity

Vaccaro and Maloy (2006), Lee, et al., (1997)

Distributed Temperature Sensing to
Identify Groundwater Discharge (DTSIS)

fiber optic temperature measurements to detect
seepage at sediment interface with surface water

Selker et al., (2014)
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(including
baseflow)

Figure B2: Schematic diagram illustrating examples of groundwater discharge occurring in a mountainous
watershed environment. Figure modified after Hinton (2014).

Baseflow as described by Dingman (2001) is regarded as water that enters a stream from persistent,
slowly varying sources and maintains streamflow between water-input events. It may be derived in part
from groundwater discharge as well as discharge from lakes, reservoirs, wetlands, snowpack, glaciers
and as suggested by Hewlett and Hibbert (1963), partially saturated soils on upland hillslopes. Gleeson
and Richter (2016) in considering streamflow depletion, focus on groundwater-derived baseflow which
they consider the most common and volumetrically significant portion of the delayed water sources in
many, but not all rivers.

The baseflow index (BFI) of a river is a ratio of the mean annual baseflow in a river divided by total
annual flow (mean annual runoff, or MAR). It may be used as an indicator of groundwater fed or
groundwater dominated river regimes. Parsons and Wentzel (2007) suggest that low baseflow indices,
for example, characteristic of ephemeral or highly seasonal streams are unlikely to be groundwater fed
while perennial rivers with a moderate to high baseflow index e.g. > 0.2 may indicate a significant
groundwater component. Levick et al., (2008) report that groundwater-surface water (GW-SW)
interactions in intermittent and ephemeral drainages in arid and semi-arid regions can be very dynamic.
Such drainages can support a diversity of habitat and ecological functions, even in the absence of
surface flows. Pumping near these drainages can stress or kill riparian vegetation by reducing the
frequency of surface flows or by lowering the water table below the root zone. This can promote
invasion of non-native and more drought-tolerate species, which in turn affects wildlife habitat. While
an ephemeral stream may not significantly support baseflow, it doesn't necessarily mean it is immune
from pumping impacts or that it should necessarily have a lower baseflow index.

B.3 Spatial and Temporal Variations

All groundwater discharge zones are subject to spatial and temporal variations dependent upon a
number of factors including: hydrologic setting, landscape heterogeneity, climatic variations, changes in
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hydraulic head distribution, effects of groundwater and surface water diversions, variations in surface
water flows, water level fluctuations, erosion and changes in land use. Figure B3, for example,
illustrates seasonal variations in flow observed for a spring discharge. Both spatial and temporal
variations may be anticipated to be more pronounced and variable for local groundwater discharge
conditions compared to regional discharge settings. Although differences in hydrological and
geomorphic processes adjacent to low and high order streams have been recognized, little research has
been done to synthesize the resulting variable nature of GW-SW interactions across scales (Hinton,
2014). In a series of papers and reports Winter et al., (1998), and Winter (2001) have developed the
concept of hydrologic landscapes based on the land-form, geology, and climate, which indirectly
accounts for regional scale. Winter et al., (1998) have characterized the general GW-SW interactions for
these varying landscapes.
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Figure B3: Seasonal variations in spring flow. Adapted from Bear (1979).

Identifying and mapping the spatial distribution of groundwater discharge areas are critical aspects for
qguantifying groundwater discharge of an aquifer and assessing inputs to surface waters. Measurements
made at large regional scales e.g. remote sensing, often need supporting information generated at
smaller scales and vice versa (Committee on Hydrologic Science, 2004).

Identifying and mapping the spatial distribution of groundwater discharge areas are critical aspects for
quantifying groundwater discharge of an aquifer and assessing inputs to surface waters.

B.4 Groundwater Discharge Areas and Aquatic Habitat

Under natural conditions, groundwater may ultimately discharge into springs, wetlands, lakes, streams,
major rivers and ocean waters. Figures B4 and B5 illustrate the concept of groundwater discharging to a
stream where the water table is higher than the stream level. Under these conditions the stream is
regarded as a gaining stream as it receives water from the groundwater regime or phreatic zone.

The zone where groundwater and surface water interact and mix is termed the hyporheic zone which is
often an active region supporting aquatic life and the aquatic habitat or ecosystem (Figure B5). It should
be noted that the hyporheic zone can exist not only across a stream as shown in Figure B5B but
longitudinally along a reach of the stream (Figure B5A).

WATER SCIENCE SERIES No. 2021-07 87




GAINING STREAM

Flow direction

Unsaturated Z00€

Groundwater Water table
Discharge /' 4 w
\I V

Saturated zone

Figure B4: Concept of a gaining stream where the stream receives water from the groundwater regime through
groundwater discharge. Adapted from Alley et al., (1999).

Stream

\
‘ /

T\ /' Direction of
\ / ground-water
\\ 4 e, flow
NS 052

\Interface of local and regional
ground-water flow systems,
hyporheic zone, and stream

STREAM
CROSS- SECTION

Figure B5: Concept of the hyporheic zone where groundwater and streamflow interact and mix to support aquatic
habitat. From Winter et al., (1998).

Hyporheic zones contain variable proportions of groundwater and surface water where microbial
activity and chemical transformation are enhanced (Alley et al., (1999). They are often important
spawning habitats for fish where the streams bring oxygen into contact with eggs that were deposited in
sediments and where stream temperatures are modulated by groundwater inflows. Figure B6 illustrates
groundwater flow conditions within the hyporheic zones in two stream type examples. Brunke and
Gonser (1997) provide more details on the hydrological, chemical, zoological and metabolic interactions
that may occur in the hyporheic zone and indicate that they tend to vary widely in space and time as
well as from system to system.
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Figure B6: Examples of groundwater flow within the hyporheic zones associated with (A) abrupt changes in
streambed slope, and (B) stream meanders. From Winter et al., (1998).

B.5 Aquatic Habitats
Under the Water Sustainability Act, aquatic ecosystem is defined as:

“in relation to a stream, means the natural environment of the stream, including
(a) the stream channel, the vegetation in the stream and the water in the stream, and
(b) fish, wildlife and other living organisms insofar as their life processes
i. are carried out in the stream, and
ii. depend on the natural environment of the stream”.

The Water Sustainability Regulation further, defines "fish habitat" as

“means the areas of an aquatic ecosystem on which fish depend, directly or indirectly, in
order to carry out their life processes, including areas for spawning grounds, nurseries,
rearing, food supply and migration”.

Stream under the Water Sustainability Act, means:

(a) “a natural watercourse, including a natural glacier course, or a natural body of water, whether
or not the stream channel of the stream has been modified, or

(b) a natural source of water supply, including, without limitation, a lake, pond, river, creek, spring,
ravine, gulch, wetland or glacier, whether or not usually containing water, including ice, but
does not included an aquifer;”.

It follows, therefore, that every lake, pond, river, creek, spring, wetland and glacier in British Columbia
meets the definition of being an aquatic ecosystem. Apart from springs, however, not every such water
body is necessarily influenced by a source of groundwater discharge throughout its length or area.
Groundwater discharge areas or zones tend to be discreet, localized or focused as springs, as linear
zones along valleys and stream channels, lake shores, ocean shorelines and at changes in topographic
slope. Discharge zones may range in size from a few mm (the thickness of an open fracture zone or
bedding plane contact) to several km in length. Areas of discharge may range from less than a square
meter to several square kilometres.

For water allocation considerations in British Columbia the prime areas of groundwater discharge that
would be of interest are those associated with:

(a) springs,
(b) wetlands,
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(c) ponds and lakes, and
(d) creeks and rivers.

A brief discussion of the possible interactions between groundwater and these surface water sources is
provided below. Groundwater discharge to marine and submarine aquatic habitats (e.g. intertidal
zones, salt marshes) have not been considered in this analysis.

B.4.1 Springs

While springs originate as points of groundwater discharge they are regarded under the Water
Sustainability Act as a surface water source where they emerge and flow at the land surface. Hence, in
British Columbia they are subject to licensing and use approvals as water in a stream. Springs may occur
as isolated features, as a linear feature (spring line), as part of a wetland, at the head of a creek, or
within a riparian zone, floodplain or river channel. For water use purposes, smaller springs may be
cased to contain or minimize their flow. Water flowing from a spring may also be termed a brook. The
publication Defining the Source Area of Water Supply Springs presents an approach for defining the
source areas of water supply springs in British Columbia (Kreye et al., 1996). In a few situations in the
province, water flowing from artesian wells and mine shafts has been licensed.

B.4.2 Wetlands

Wetlands include bogs, fens, marshes,swamps and shallow water distinguished by their generic origin,
and properties such as vegetation, morphology, soils, water levels, hydrology, and hydrochemistry
(Hinton, 2014). Wetlands are found in a wide range of hydrologic settings including groundwater
discharge areas that rely upon inflow from local and regional groundwater flow systems to sustain
wetland water levels (Hinton, 2014). They may receive groundwater inflow throughout their entire bed,
have outflow throughout their entire bed, or have both inflow and outflow at different localities (Winter
et al., 1998). Wetlands may form an integral part of a creek or river regime. Wetlands, marshes, and
wooded areas along streams (riparian zones) help maintain wildlife habitat and the quality of nearby
surface water (Winter et al.,1998).

B.4.3 Ponds and Lakes

Groundwater inputs (discharge) to ponds or lake can occur directly along the shorelines or through lake
sediments and indirectly as groundwater discharge to creeks or rivers flowing into lakes (Hinton, 2014).
Direct groundwater discharge occurs where the adjacent water table is higher than lake level. Intensity
of groundwater discharge varies in response to fluctuating groundwater, lake levels and the distribution
and magnitude of hydraulic conductivity.

B.4.3 Creeks and Rivers

Groundwater interactions with creeks and rivers are most widespread and significant and usually have
the largest GW-SW fluxes among all surface water bodies (Hinton, 2014). Groundwater discharge to
creeks and rivers is particularly important to sustaining surface water flows during periods of dry
weather and maintaining aquatic habitats. Currently 15 streams (4 rivers and 10 creeks) in the province
have been designated as sensitive streams under Schedule B of the Water Sustainability Regulation of
WSA. A sensitive stream designation protects fish populations that are at risk from damage to the
stream's aquatic ecosystem. In addition many streams in the province have in place Water Allocation
Restrictions that may range from including minimum fish flow clauses in a water licence, to suspending
the issuance of any further licences on a water body (Government of British Columbia, 2018a).
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Poff et al., (1997) indicate that the ecological structures and function of creeks and rivers are controlled
by five critical components of the flow regime including:

e magnitude - the amount of water moving past a fixed location at any given time;

e frequency - how often a flow of a given magnitude is observed over a given time interval;

e duration - the period of time associated with specific flow conditions;

e timing - the regularity with which a given flow condition occurs (e.g. annual peak flows); and,
e rate of change - how quickly a flow changes from one condition to the next.

Together, these components describe the variable flow conditions for aquatic ecosystems and each of
these flow conditions has a unique influence on the integrity of creek and river ecosystems and related
lake, wetland and groundwater systems (Brandes et al., 2005). These same aspects can be applied to
the groundwater component of baseflow.

To date, there have been relatively few detailed studies completed of GW-SW interactions in the
province. In 1976, Le Breton examined groundwater storage and baseflow in the Westwold-Falkland
area of the Salmon River Valley employing analytical estimates of groundwater flow using Darcy’s Law.
More recent studies have used water budget methods and numerical modeling techniques to address
specific issues such as groundwater pumping effects and climate change.

In 2003, SRK Consulting Inc., constructed a preliminary numerical model to assess the potential impacts
of proposed pumping wells on the Chemainus River in the District of North Cowichan, Vancouver Island.
They found that due to the interconnectivity of the alluvial aquifer with the river that high pumping
under any scenario will cause water to flow from the river to the aquifer in proportion to the pumping
rate and that the potential to impact rivers flows would be greatest during the summer months.

Scibek et al., (2007) used a three-dimensional transient groundwater flow model to simulate three
climate time periods (1960-1999, 2010-2039, 2040-2069) for estimating future impacts of climate
change on groundwater—surface water interactions and groundwater levels within the unconfined
Grand Forks aquifer in south-central British Columbia. Their results indicated that future climate
scenarios show a shift in river peak flow to an earlier date in a year and aquifer water levels shift by the
same interval. Maximum groundwater levels associated with the peak hydrograph are very similar to
present climate because the peak discharge is not predicted to change, only the timing of the peak.

In 2009, Bennett and Caverly (2009) used river temperature data to assess GW-SW interactions in the
Coldwater River within the City of Merritt during summer low flow conditions. One of their conclusions
was that surface water losses due to groundwater pumping of the Merritt aquifer are resulting in
summer low flows that are well below short term survival levels for fish and “only maintains degraded
habitat quality and quantity for salmon, trout and aquatic insects that make up their food supply”.

In 2012, GW Solutions, Inc., examined GW-SW interactions in the Englishman River watershed on
Vancouver Island. They concluded that interaction between the overburden aquifer and the Englishman
River starts with the first occurrence of permeable granular deposits and increases along the main stem
of the river as the aquifers get more numerous and thicker. In the lower section of the watershed and
down to its estuary, the overburden aquifers contribute approximately 30% of the summer low flow.
They also concluded that the bedrock also plays an important role in providing 30% to 40% of the
summer low flow, although “it is still poorly understood and the groundwater flow in the bedrock
aquifers needs to be further characterized”.

In 2012, Bennett developed an empirical water budget for the Westwold aquifer to assess the feasibly of
using a simplified spreadsheet water budget to quantitatively determine the primary components of
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groundwater recharge and discharge to an aquifer. He found that natural groundwater outflow into the
Salmon River as baseflow was the largest outflow from the aquifer representing approximately 50% to
60% of the total groundwater outflow.

Foster and Allen (2015), used a coupled numerical computer model (MIKE SHE), to explore the
seasonally and spatially dynamic nature of GW-SW interactions in the Cowichan Watershed on
Vancouver Island, British Columbia, Canada. They found that the calibrated model simulates a transition
of the Cowichan River from mostly gaining within the upper valley, to a losing stream near the coast
where groundwater diversions are focused.

B.6 Quantifying Groundwater Discharge

As indicated in Table B1 there are a number of methods that, in addition to identifying zones of
groundwater discharge, some can also be used to measure and quantify discharge. Rosenberry and
LaBaugh (2008) provide details on field techniques for estimating water fluxes between surface water
and ground water. A summary of various methods reported for estimating and quantifying discharge is
provided in Table B2. Methods include: direct physical measurements of flow, chemical measurements,
temperature measurements, surface water hydrograph analysis, mass balance, analytical analysis and
numerical models. A discussion of each of the methods available, however, is beyond the scope of this
report.

Figure B7 summarizes methods available for various aquatic habitats. Methods range from physical
measurements such as flow metering, temperature and chemical monitoring chemical, river hydrograph
analysis to numerical modeling. Two of the methods that have been commonly used by investigators are
groundwater estimates based on Darcy’s Law and the hydrograph analysis (hydrograph separation)
method. These are discussed briefly in Appendix E.

Springs, as point locations of groundwater discharge, may be ideal for direct flow measurements but
may represent only a portion of the overall discharge occurring in an area. Wetlands can be complex,
dynamic and difficult to measure but may represent a significant portion of the water balance in a basin
(Committee on Hydrologic Science, 2004). Baseflow conditions in streams and rivers can provide a
measure of basin-wide groundwater discharge, yet there is often great uncertainty in such
measurements (Committee on Hydrologic Science, 2004).

Findings of the Committee on Hydrologic Science (2004) indicate that “There are no uniformly applicable
methods for measuring and quantifying recharge/discharge fluxes in space and time, so our
understanding of distribution and process is limited.” The literature research conducted for this project
confirms these same findings. This is not surprising given the inherent hydrologic variability and
uncertainties often characteristic of natural hydrologic systems. Halford and Mayer (2000) in their
investigation of estimating groundwater discharge and recharge from stream-discharge records,
conclude that “multiple, alternative methods of estimating ground water discharge and recharge should
be used because of the uncertainty associated with any one technique.” Kalbus et al., (2006) after
reviewing various measuring methods for GW-SW interactions, conclude that “a multi-scale approach
combining multiple techniques can considerably reduce uncertainties and constrain estimates of fluxes
between groundwater and surface water.” Table B3, provides some general indicators for assessing the
potential degree of GW-SW interactions for observed stream characteristics and aquifer types.
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Table B2: Various methods used to quantify groundwater discharge to aquatic habitats.

(e Specific Methods Description Instruments Comments 2EMDIES
Methods References
Physical hydraulic gradient calculates groundwater inflow, based |flumes, gauges |not necessarily representative of inflow Australian
Measure- method on the local aquifer properties, and |and flow or rates over longer reaches Government (2012)
ments the observed hydraulic gradient current meters
between a river gauging station and a
nearby observation bore. useful in
determining local groundwater flux
conditions close to gauging stations,
flow difference sequential river flow measurements |flumes, gauges |best applied under low flow conditions and |Australian
monitoring, along a river reach, spatial variations [and flow or in catchments where the difference Government (2012),
differential gauging |in groundwater inflow or outflow current meters |between the downstream flow and the sum |McCallum et al.,
or incremental estimated from the differences of the upstream flow and tributary flow is  |(2014), Kalbus et al.,
streamflow between adjacent flow gaugings large relative to the downstream flow, (2006)
monitoring applied at a reach scale
direct measurement |flow monitoring of springs, Seepage meters,|seepage meters are suited for shallow fine- |Kalbus et al., (2006),
with various measurement of seepage areas along|piezometers, grained sediments and low energy Lee (1977), Lee and
instruments shorelines of wetlands, ponds and flumes, gauges |environments, results vary with fluctuating |Cherry (1978).
lakes and flow or water levels, wave action, heterogeneity of
current meters |sediments, usually applied at a local scale
Chemical longitudinal measurements of river chemistry successful in catchments using tracers with |Australian
Measure- chemistry method along a stream reach at a point in a clear distinction between groundwater Government (2012)
ments time. and surface water concentrations, and

where the groundwater end- member tracer
concentrations could be accurately
estimated, applied at a local scale

Chemical
hydrograph
separation

involves monitoring changes in tracer
concentrations in river flow over
time to determine changes in the
relative proportions of surface runoff
and groundwater inflow

combination of various tracers and
hydrologic data can yield the reliable
results, applied at a local scale

Australian
Government (2012),
Kalbus et al., (2006),
Hooper and
Shoemaker, 1986.
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Table B2 (Cont.): Various methods used to quantify groundwater discharge to aquatic habitats.

(e Specific Methods Description Instruments Comments 2EMDIES
Methods References
Hydrograph |baseflow separation |method distinguishes streamflow limited number of gauging stations and Australian
Analysis derived from surface runoff and that sufficient periods of record may be a Government
derived from groundwater, based on constraint, enables calculation of discharge |(2012), Kalbus et
the time-series record of streamflow rates averaged over the upstream length. |al., (2006)
recession analysis recession analysis aims to model Stewart, 2015.
the decrease of streamflow during
rainless periods to extract
parameters descriptive of water
storage in the catchment
Mass Balance|water budget analysis|can be used to quantify various parts requires a good understanding of all the
or aspects of the hydrologic cycle hydrologic components active in a particular
including groundwater discharge area
Temperature |monitoring river bed |natural heat used a tracer, thermal [temperature robust and relatively inexpensive McCallum et al.,
Measure- temperatures and front related to Darcy flux sensors installed (2014), Kalbus et al.,
ments stream temperatures to varying (2006), Conant
depths, or set in (2004)
different arrays
Numerical three-dimensional models simulate groundwater flow models need to be calibrated to Dahl et al., (1999).
Models transient and response to changes in groundwater heads, transient streamflow
groundwater flow hydrologic inputs and distributed baseflow, challenges involve
models, e.g. delineating zones controlling interactions
MODFLOW, MIKE and the hydraulic conductivity and thickness
SHE and others of these zones
Analytical Darcy’s Law used to estimate quantity of lateral requires information on the hydraulic Kalbus et al., (2006)
Analysis groundwater discharge through an gradient, hydraulic conductivity, and area

aquifer

through which flow takes place, usually
applied at a local scale

flow net analysis

used to indicate groundwater flow
regime of an aquifer, contours can
indicate river- aquifer relationships
and combined with Darcy’s Law can
indicate the rate of groundwater
discharge

requires water level information from wells
and hydraulic conductivity

Bear (2007),
Liebscher et al.,
(1992).
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Table B3: General relationships between stream characteristics and potential degree of groundwater interaction.

seasonal and
annual flows

Stream B Stream _ Stream \A{idtl} of Channel Proximity of | Thickness | Nature of .
characteristics Gradient Adjacent e Riparian Width Wetlands | of Stream | Stream Aquifer Types
Zones and Springs Bed Bed
High degree of high, > 05. |low low Relatively wide, wide, significant Significant |sand and |Unconsolidated,
groundwater Close to stable >10 m >10 m >10m gravel Types 1 and 2, and
interaction, 1.0 for karst bedrock 5b
groundwater - springs
dominated
Moderate degree | moderate, |low to low to variable moderate, | moderate, | occasional Moderate 1 |sand and |Unconsolidated,
of groundwater |2to 0.5 moderate | moderate 2to10m |2to10m tol0m gravel Types 3 and 4a,
interaction karst bedrock 5b
and 6a volcanic
Low degree of Low< 0.2 |steep high Large narrow, narrow, none thin,<1m |sandclay |Unconsolidated,
groundwater fluctuations, [<1lto2m [<1 to2m and rocks | Types 4b, 4c and
interaction highly bedrock 5a and 6
variable
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Figure B7: Summary of various methods for quantifying groundwater discharge to aquatic habitats.

In terms of proposing a specific method to estimate groundwater discharge supporting aquatic habitat,
an integrated approach following the procedures outlined below is suggested.

1.

identify and delineate the scale and specific aquatic habitat e.g. river reach, wetland wherein
groundwater discharge needs to be evaluated and purpose of the evaluation;

using as many of the methods, available and feasible, identify, delineate and determine the
probable origin of the discharge, map the location(s) and extent of any obvious and potential
discharge zones;

compile and assess any available supporting topographic, hydrologic, geologic, hydrometric,
fisheries data, well record and observation well data, etc., that would augment the above;
determine what methods and time scale may be appropriate for measuring groundwater
discharge for the aquatic habitat of interest and select at least two or three methods for field
measurement surveys and/or desk top analysis; and

analyze and evaluate the results of above investigations.
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The first three steps are essentially the basis of a groundwater-surface water assessment. Western
Water Associates (2014), for example, have recommended a hydrogeological assessment to map
groundwater-surface water linkage zones for individual groundwater aquifers in the Okanagan, focusing
on priority aquifers. In this manner, proposed and existing groundwater extraction locations could then
be reviewed in the context of the mapped GW-SW linkage zones to connect the extraction to a specified
water body (Okanagan Basin Water Board (2014).

At a regional scale, remote sensing techniques such as thermal satellite imagery can provide extensive
and spatially complete data sets that could be integrated with data generated at smaller scales of
investigation including historically available data including: geology maps, aquifer maps, well records,
observation well data and hydrometric data. A regional mapping program aimed at delineating
groundwater discharge areas for all mapped aquifers, sensitive streams and streams with Water
Allocation Restrictions would be of benefit to water management planning in these areas.

A regional mapping program aimed at delineating groundwater discharge areas for all mapped aquifers,
sensitive streams and streams with Water Allocation Restrictions would be of benefit to water
management planning in these areas.

B.7 Assessing Environmental Flow Needs

As discussed in Section 2.3 of the main report, environmental flow needs (EFN) are defined in Section 1
of Water Sustainability Act as, “in relation to a stream, means the volume and timing of water flow
required for the proper functioning of the aquatic ecosystem of the stream.” The act also defines critical
environmental flow threshold, as: “in relation to the flow of water in a stream, means the volume of
water flow below which significant or irreversible harm to the aquatic ecosystem of the stream is likely
to occur”.

Numerous methods have been developed internationally for estimating environmental flow needs (EFN)
of streams for various purposes. Environmental flow needs are often referred to by various researchers
and jurisdictions as instream flow needs (IFN), instream flow requirements (IFR) or environmental flow
requirements (EFR). The complexity of instream flow studies is dependent on the objectives and the
resources requiring protection, as well as the magnitude of the project (Caissie and El-Jabi, 2013). King
et al., (1999) indicate that “the selection of an appropriate environmental flow methodology for
application in any country is likely to be context-specific and primarily constrained by the availability of
appropriate data on the river system of concern, as well as local limitations in terms of time, finances,
expertise and logistical support”. A brief discussion of some of these methods can be found in Jowett
(1997), ESSA Technologies Ltd., and Solander Ecological Research (2009) and Linnansaari et al., (2013).
Tharme (2003) reviewed over 200 individual environmental flow assessment methodologies and
classified them into four general categories which he termed: 1) Hydrological, 2) Hydraulic rating, 3)
Habitat simulation, and 4) Holistic methodologies. Based on Tharme (2003), these are summarized as
follows:

B.7.1 Hydrological Methods

Hydrological methods rely primarily on the use of hydrological data, usually in the form of naturalized,
historical monthly or daily flow records, for making environmental flow recommendations. They are
often referred to as fixed-percentage or look-up table methodologies, where a set proportion of flow,
often termed the minimum flow represents the EFN intended to maintain the freshwater fishery, other
highlighted ecological features, or river health at some acceptable level, usually on an annual, seasonal
or monthly basis (Tharme, 2003). They are generally regarded as low resolution environmental flow
estimates and are considered to be most appropriate at the planning level of water resource
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development, or in low controversy situations where they may be used as preliminary flow targets
(Tharme, 2003).

B.7.2 Hydraulic Rating Methods

Hydraulic rating (also known as habitat retention) methods use changes in simple hydraulic variables,
such as wetted perimeter or maximum depth, usually measured across single, limiting river cross-
sections (e.g. riffles), as a surrogate for habitat factors known or assumed to be limiting to target biota.
It assumes that ensuring some threshold value of the selected hydraulic parameter at altered flows will
maintain the biota and/or ecosystem integrity. Environmental flows are calculated by plotting the
variable of concern against discharge wherein a breakpoint, interpreted as a threshold below which
habitat quality becomes significantly degraded, is identified on the response curve. Alternatively the
minimum EFN is set as the discharge producing a fixed percentage reduction in habitat (Tharme, 2003).

B.7.3 Habitat Simulation Methods

Habitat simulation methods, also referred to as microhabitat or habitat modelling methodologies,
attempt to assess EFN on the basis of a detailed analyses of the quantity and suitability of instream
physical habitat available to target species or assemblages under different discharges (or flow regimes),
on the basis of integrated hydrological, hydraulic and biological response data (Tharme, 2003). Flow-
related changes in physical microhabitat are modeled in various hydraulic programs, using data on one
or more hydraulic variables, most commonly depth, velocity, substratum composition, cover and
complex hydraulic indices (e.g. benthic shear stress), collected at multiple cross-sections within the river
study reach (Tharme, 2003). The simulated available habitat conditions are linked with information on
the range of preferred to unsuitable microhabitat conditions for target species, lifestages, assemblages
and/or activities, and are often depicted using seasonally defined habitat suitability index curves
(Tharme, 2003). The resultant outputs, usually in the form of habitat—discharge curves for the biota, or
extended as habitat time and exceedance series, are used to predict optimum flows as EFN (Tharme,
2003).

B.7.4 Holistic Methods

Holistic methodologies are focused on addressing the EFN of an entire riverine ecosystem where
important and/or critical flow events are identified in terms of select criteria defining flow variability, for
some or all major components or attributes of the riverine ecosystem (Tharme, 2003). This can be done
either through a bottom-up, or a top-down or combination process that requires considerable
multidisciplinary expertise and input. The basis of most approaches is the systematic construction of a
modified flow regime from scratch (i.e. bottom-up), on a month-by-month (or more frequent) and
element-by-element basis, where each element represents a well-defined feature of the flow regime
intended to achieve particular ecological, geomorphological, water quality, social or other objectives in
the modified system. In contrast, in top-down, generally scenario-based approaches, environmental
flows are defined in terms of acceptable degrees of departure from the natural (or other reference) flow
regime, rendering them less susceptible to any omission of critical flow characteristics or processes than
their bottom-up counterparts. The most advanced holistic methodologies routinely utilize several of the
tools for hydrological, hydraulic and physical habitat analysis featured in the three types of EFN
previously discussed, within a modular framework, for establishing the EFN of the riverine ecosystem
(Tharme, 2003).
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It is apparent that the majority of methods that have been developed to assess environmental flows to
date are primarily focused on analysis of hydrometric, geomorphic and biological parameters. Very few
methods apart from those considering baseflow or low flow analyses appear to include any suggestions
of assessing the significance of groundwater discharge components.

Holistic approaches involving multi-disciplinary teams in various fields including hydrology,
hydrogeology, geomorphology, water quality and various disciplines of ecology (e.g. fisheries, botany)
and stakeholder interests could be very beneficial for determining environmental flow needs.
Linnansaari et al., (2013) for example, describe the Building Block Methodology (BBM) and variations of
the method which has been used in South Africa, Norway, and the eastern Canadian Arctic. The BBM
includes three main parts namely: 1. A comprehensive information gathering / preparatory phase, 2.
BBM Workshop, and 3. Follow-up activities linking the workshop with the engineering and planning
concerns. Appendix F outlines the main features of the BBM., approach. The Environmental Flow
Assessments for Rivers Manual for the Building Block Methodology (King et al., 2008) provides a
comprehensive discussion on the importance of groundwater in river regimes, suggested data needs
and studies necessary to address environmental flow needs.

Petts et al., (1999) describe a method for determining the minimum acceptable flow (MAF) for
groundwater-dominated streams in England. Their approach, termed the Ecologically Acceptable Flow
Regime (EAFR) involves four stages namely:

1. An ecological assessment of the river and specification of an ecological objective comprising
specific targets (e.g. spawning habitat for trout in the autumn or wetland habitats in spring for
riparian species),

2. Determining benchmark flows to meet these targets,

3. Using benchmark flows to construct “Ecologically Acceptable Hydrographs” which may include
provision for wet-year and drought conditions, and

4. Giving the hydrographs acceptable frequencies and combining them to define a flow duration
curve, the Ecologically Acceptable Flow Regime (EAFR) where the area below the EAFR flow
duration curve defines the MAF volume.
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APPENDIX C. AQUIFER AND GROUNDWATER AREA RATING WORKSHEET

Table C1. Interim aquifer and groundwater area confidence rating worksheet.

Aquifer Number: Type: Location:
Item Parameter Measure Confidence Level :z:; H A::i!:lt:;d Weighting Factor :,::::::; Score
=50 km® high 3 1
1 Aquifer ArealArea of 10 - 50 kn? moderate 2 0s 5%
Interest —
=10 km* low 1 0.25
Degree of Development | high 3 1
2(a). Aquifer CI 1 moderate 2 0s 5%
1) low 1 0.25
Wulnerability A low 1 0.25
2(b). Aquifer Classification B moderate 2 0.5 5%
[$ high 3 1
unconfined unconsolidated high 3 1
unconfined unconsclidated and stream
3 Aquifer Type ST moderate 2 05 5og 0.00
bedrock or confined unconsolidated [T 1 0.25 0.00
well defined high 3 ! 0.0o
4 Aquifer or Area Boundaries partially defined moderate 2 0.5 10% 0.00
poorly defined low 1 0.25 0.00
5 Aquifer Depth el = 6 T high 3 1 59 0.00
deep = 30m moderate 2 05
1 high 3 1
6 Number of Watersheds 2103 moderate 2 05 59%
Encompassing Agquifer
=3 low 1 0.25
none high 3 1
T Reported Quantity lssues local moderate 2 05 10%
widespread low 1 025
none high 3 1
] Reported Quality Issues local moderate 2 0s 5%
widespread low 1 0.25
mainly rural and recreational high 3 1
B Land Use rural and urban mixed moderate 2 0.5 =%
mainly urban and industrial low 1 0.25
) < 3 estimated high 3 1
10 Con;ecned‘Aq‘L:atlc 3 to 5 estimated moderate 2 0.5 5%
3 ) > 5 estimated low 1 0.25
) ) significant amounts and sources high 3 1
11 Hydrgl:g:::"daglenovloglc fair amounts and sources moderate 2 0s 10%
very little data available low 1 0.25
Total: Max_ 75

Percentage of Max:

Confidence factor §

WATER SCIENCE SERIES No. 2021-07

100



Table C2. Example aquifer and groundwater area confidence rating for the Abbotsford Aquifer.

Aquifer Humber: 0015 Type: Unconsolidated 4a. Location: Abbostsford
Item Parameter Measure Confidence Level e ] FEEED Weighting Factor LTl Score
Scale Assigned g g Weighting
= 50 km? high 3 3 1 5.00
Aquifer ArealArea of B N co o
1 Interest 10 — 50 km moderate 2 05 5% 0.00
<10 km? low 1 0.25 0.00
Degree of Development 1 high 3 3 1 5.00
2(a). Aquifer Classification I moderate 2 05 5% 0.00
i low 1 0.25 0.00
ulnerability A low 1 1 0.25 1.25
2(b). Aquifer Classification B moderate 2 05 5% 0.00
C high 3 1 0.00
unconfined unconsclidated high 3 3 1 5.00
unconfined unconsclidated and stream
3 Aquifer Type connected moderate 2 05 5% 0.00
bedrock or L lidated low 1 0.25 0.00
well defined high 3 3 1 10.00
4 Aquifer or Area Boundaries partially defined moderate 2 05 10% 0.00
poarly defined low 1 0.25 0.00
5 Aquifer Depth shallow < 1 to 30 m high 3 1 5% 0.00
deep > 30m moderate 2 7 05 2.50
1 high 3 1 0.00
6 Number of Watersheds 2103 moderate 2 2 05 5% 2.50
Encompassing Aguifer
=3 low 1 0.25 0.00
— high 3 1 0.00
7 Reported Quantity Issues local moderate 2 2 05 10% 5.00
widespread lovw 1 025 0.00
none high 3 1 0.00
8 Reported Quality Issues local moderate 2 05 5% 0.00
widespread low 1 1 0.25 1.25
mainly rural and recreational high 3 1 0.00
9 Land Use rural and urban mixed moderate 2 2 0.5 5% 2.50
mainly urban and industrial low 1 0.25 0.00
c ted Aquati < 3 estimated high 3 1 000
onnected Aquatic - o
10 E N ql 3 to 5 estimated moderate 2 2 0.5 5% 2.50
Y
> 5 estimated low 1 0.25 0.00
) . significant amounts and sources high 3 3 1 10.00
¥ gic an: gl N
" ’ Data Availability fair amounts and sources moderate 2 0.5 10% 0.00
very little data available low 1 0.25 0.00
Total: Max. 75 52.50
Percentage of Max: 70
Confidence factor § 175
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Table C3. Example aquifer and groundwater area confidence rating for Mayne Island bedrock aquifers.

:::If::; LTSRS SR TL(TER Type: fractured sedimentary bedrock 5a Location: Mayne Island
Item Parameter Measure Confidence Level ::;T; H A::;:I:Z d Weighting Factor :’:;::r:; Score
= 50 km? high 3 1 0.00
1 Aq“ire: i::;’:rea of 10— 50 kn® moderate 2 2 05 5% 2.50
<10 km? low 1 0.25 0.00
Degree of Development 1 high 3 1 0.00
2(a). Aquifer Classification n moderate 2 2 05 5% 2.50
m low 1 0.25 0.00
ulnerability A low 1 0.25 0.00
2{b). Aquifer Classification B moderate 2 2 0.5 5% 250
C high 3 1 0.00
unconfined unconsolidated high 3 1 0.00
unconfined unconsolidated and stream
3 Aquifer Type connected moderate 2 05 5% 0.00
bedrock or confined unconsclidated e 1 1 0.25 1.25
well defined high 3 3 1 10.00
4 Aquifer or Area Boundaries partially defined moderate 05 10% 0.00
poorly defined low 1 0.25 0.00
5 Agquifer Depth shallow < 1 to 30 m high 3 3 1 5% 5.00
deep > 30m moderate 2 (15 0.00
1 high 3 1 0.00
6 ET:;;:;;:; ;q:iefif 2103 moderate 2 05 5% 0.00
=3 low 1 1 0.25 1.25
none high 3 1 0.00
7 Reported Quantity Issues local moderate 2 7 0.5 10% 5.00
widespread low 1 0.25 0.00
none high 3 1 0.00
g Reported Quality Issues local moderate 2 2 0.5 5% 250
widespread low 1 0.25 0.00
mainly rural and recreational high 3 3 1 5.00
e Land Use rural and urban mixed moderate 2 035 S% 0.00
mainly urban and industrial low 1 0.25 0.00
Connected Aguatic =3 e:tir.nated high 3 1 D_ED
10 Ecosystem 3 to 5 estimated moderate 2 0.5 5% 0.00
> 5 estimated low 1 1 0.25 1.25
) T — significant a ts and sources high 3 1 0.00
" e Dat;AvailabiIi'ty - fair amounts and sources moderate 2 2 05 10% 5.00
very little data available low 1 0.25 0.00
Total: Max_ 75 43.75
Percentage of Max: 58
Confidence factor 14.6
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APPENDIX D. AQUIFER/AREA RATING GUIDE CRITERIA

The aquifer/area rating guide is based on previous guides such as that used to rate and prioritize
aquifers for the establishment of future observation wells (Ministry of Environment, 2009). This rating
guide provides a semi-quantitative and qualitative measure and is subject to information being readily
available for the aquifer or area under consideration. In this guide the maximum score achievable is 75%
and the criteria are weighted accordingly not to exceed this value. The percentage is then applied
against the maximum confidence value of 25 to determine the confidence factor. A high score indicates
a high confidence rating while a low score indicates a low confidence rating. A brief discussion of the
criteria used in the rating guide is provided below. As the rating guide is subjective in part, the
knowledge, experience and judgment of the person conducting the rating will also enter into the
evaluation.

Criterion 1: Aquifer Area/Area of Interest

Aquifer areas can be found at the B.C. Water Resources Atlas, internet website
http://maps.gov.bc.ca/ess/hm/wrbc/. In terms of rating water availability, the confidence level
increases with aquifer size. The aquifer size range reflects values considered by Berardinucci and
Ronneseth (2002). Larger aquifer size indicates larger volumes of groundwater being available in
comparison to existing and potential groundwater demands.

Criterion 2(a): Aquifer Classification, Degree of Development

Information on Aquifer Classification, Degree of Development can be found at the B.C. Water Resources
Atlas, internet website http://maps.gov.bc.ca/ess/hm/wrbc/ . In terms of rating water availability, the
confidence level increases with the degree of development. The level of development as described by
Berardinucci and Ronneseth (2002), is a relative and subjective term, comparing the amount of
groundwater withdrawn from an aquifer (demand) to the aquifer’s inferred ability to supply
groundwater for use (productivity).

Criterion 2(b): Aquifer Classification, Vulnerability

Information on Aquifer Classification, Vulnerability can be found at the B.C. Water Resources Atlas,
internet website http://maps.gov.bc.ca/ess/hm/wrbc/ . In terms of rating water availability, the
confidence level decreases with the degree of vulnerability as higher vulnerability increases the
possibility of quality degradation. The level of vulnerability of an aquifer as described by Berardinucci
and Ronneseth (2002), is a measure of its vulnerability to a contaminant that is introduced at the land
surface.

Criterion 3: Aquifer Type

Aquifer type is an indication of aquifer complexity and can be determined by examining the aquifer
descriptions at the Aquifer Classification Database (Ministry of Environment, 2018a), internet website
https://a100.gov.bc.ca/pub/wells/public/common/aquifer_report.jsp . In terms of rating water
availability, the confidence level is highest for unconfined unconsolidated aquifers and less for stream
connected unconfined unconsolidated aquifers and least for bedrock and confined unconsolidated
aquifers.

Criterion 4: Aquifer or Area Boundaries

Aquifer boundaries can be viewed at the B.C. Water Resources Atlas, internet website
http://maps.gov.bc.ca/ess/hm/wrbc/ and at the Aquifer Classification Database (Ministry of
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Environment, 2018a). In terms of rating water availability, the confidence level increases with the
boundary definition. Berardinucci and Ronneseth (2002) discuss how aquifer boundaries are delineated.

Criterion 5: Aquifer Depth

Information on aquifer depth can be found at the Aquifer Classification Database (Ministry of
Environment, 2018a) and can also be inferred on the basis of aquifer type in many cases and
examination of well depth information. Bedrock aquifers for example are usually deep ( > 30 m).

Criterion 6: Number of Watersheds Encompassing Aquifer

The number of watersheds encompassing an aquifer can be determined by examining topography,
drainage features and aquifer boundaries at the B.C. Water Resources Atlas, internet website
http://maps.gov.bc.ca/ess/hm/wrbc/ . In terms of rating water availability, the confidence level is
highest if only one watershed is involved and decreases with additional watersheds. More streams
introduces more complexity with groundwater-surface water interactions and less confidence.

Criterion 7: Reported Quantity Issues

Information on reported quantity issues can be found at the Aquifer Classification Database (Ministry of
Environment, 2018a) and available reports. Issues may include, for example, well interference, declining
water levels and poor well yields, and conflicts with surface water use. In terms of rating water
availability, confidence levels decrease as quantity issues increase. Information on trends in
groundwater levels can be found at the Provincial Groundwater Observation Well Network (Ministry of
Environment, 2018b).

Criterion 8: Reported Quality Issues

Information on reported quality issues can be found at the Aquifer Classification Database (Ministry of
Environment, 2018a) and available reports. Issues may include groundwater quality degradation from
various sources such as salt water intrusion, septic wastes, and fertilizer use. In terms of rating water
availability, confidence levels decrease as quality issues increase.

Criterion 9: Land Use

Information on general land use can be viewed at the B.C. Water Resources Atlas, internet website
http://maps.gov.bc.ca/ess/hm/wrbc/ . In terms of rating water availability, confidence levels decrease
as land use becomes more intensified.

Criterion 10: Connected Aquatic Ecosystems

Information on connected ecosystems can be obtained by viewing aquifer boundaries in relationship to
surface water drainage systems, parks and protected areas shown at the B.C. Water Resources Atlas,
internet website http://maps.gov.bc.ca/ess/hm/wrbc/ . Reports on sensitive ecosystems are also
available at EcoCat http://a100.gov.bc.ca/pub/acat/public/welcome.do . In terms of rating water
availability, confidence levels decrease as more ecosystems are identified. A schedule of designated
streams, originally established under the Sensitive Streams Designation and Licensing Regulation of the
Fish Protection Act is now maintained under Schedule B of the Water Sustainability Regulation of WSA. A
sensitive stream designation protects fish populations that are at risk from damage to the stream's
aquatic ecosystem. In addition many streams in the province have in place Water Allocation Restrictions
that may range from including minimum fish flow clauses in a water licence, to suspending the issuance
of any further licences on a water body (Government of British Columbia, 2018h).
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Criterion 11: Hydrologic and Geologic Data Availability

Hydrologic (including climate and hydrometric) and geologic data are available from various sources
including the B.C. Water Resources Atlas, internet website http://maps.gov.bc.ca/ess/hm/wrbc/,
Government of Canada (2018b and 2018c), Provincial Observation Well Network (Government of British
Columbia, 2018g) and British Columbia Geological Survey, internet site
http://www.empr.gov.bc.ca/MINING/GEOSCIENCE/Pages/default.aspx . In terms of rating water
availability, confidence levels are higher when significant amounts and sources of meteorological,
hydrometric and geologic information are available.
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APPENDIX E. GROUNDWATER DISCHARGE METHODS

Two Methods for Estimating Groundwater Discharge Supporting Aquatic Habit

E.1 Darcy’s Law

Where groundwater discharges to a surface water body such as a river or lake have been identified, the
guantity of groundwater discharge (flux) can be determined for a known cross section of aquifer using
Darcy’s Law in the form

QW . = KIA Equation 1

where

Q% . = quantity of lateral groundwater outflow or discharge

K = hydraulic conductivity of the aquifer
I = hydraulic gradient, and
A = area of aquifer through which the flow takes place

These relationships are illustrated in Figure E1.

groundwater flow
direction normal to
water level gradient /

&] Q%%in

Q%WYout
(discharge) N unconfined
sand and

gravel aquifer

Q%Yout = KIA

A = area through which flow takes place
b = saturated thickness

Figure E1: Schematic illustrating use of Darcy’s Law to quantify groundwater discharge.

Employing Darcy’s Law requires knowledge of an aquifer’s relationship to the receiving environment e.g.
a creek, extent and thickness of the aquifer, information on aquifer parameters, and hydraulic gradients.
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E.2 Hydrograph — Baseflow Separation

Methods for estimating cumulative groundwater inflow to a river include analyzing streamflow
hydrographs to determine the groundwater component of base flow. Various methods are available for
analyzing stream hydrographs to determine the baseflow component (Winter et al., 1998). Figure E2
illustrates the results of using one particular method used to analyze a streamflow hydrograph for the
Homochitto River in Mississippi (Winter et al., 1998).

100,000 I I I I | I | | I [ I I I I I I I [

Total streamflow
Base flow

10,000 |— ' —

1,000

100

FLOW, IN CUBIC FEET PER SECOND

10— ==

1 | | | | | | | | | | | | l | | | | |
1 21 41 61 81 101 121 141 161 181 201 221 241 261 281 301 321 341 361

TIME, IN DAYS

Figure E2: Estimation of groundwater component of streamflow from hydrograph for the Homochitto River in
Mississippi, from Winter et al., (1998,).

The United States Geological Survey (USGS) has developed a user guide estimating baseflow, runoff and
groundwater recharge from streamflow data (Barlow et al., 2015). The guide includes six hydrograph
separation methods and provides guidance on their application. Use of more than one method to
analyze a streamflow record and comparing the results with multiple methods is suggested (Barlow et
al., 2015).
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APPENDIX F. BBM METHODOLOGY

Main Parts of the BBM Methodology for Determining Environmental Flow Needs

(modified after Linnansaari et al., (2012)

1. A comprehensive information gathering / preparatory phase

A structured set of activities is followed to collect and display the best available information on the river
for consideration by the workshop participants. The collected information includes social use of riverine
resources, flow regime evaluations (historic and present), hydraulic analysis, geomorphology, water
chemistry, groundwater and biological surveys for vegetation, aquatic invertebrates and fish. The
Building Block Methodology (BBM) manual includes detailed instructions on how the data is collected
for each criteria. The information is collected in a "Starter Document" that is provided to the
participants of BBM workshop. The conceptual model of the BBM approach is illustrated in Figure 1.

2. BBM Workshop

The BBM workshop typically involves ~20 people comprising of water managers, engineers and river
scientists. The workshop consists of four main sessions and typically takes 2 - 4 days to complete. The
first session is a visit to the field sites that are being considered followed by another session where all
the gathered information is presented. In the third session, the actual modified environmental flow
regime is designed based on monthly flows and special purpose flows and reported as %MAF (Mean
Annual Flow). Finally, further research needs are identified to address major uncertainty and to improve
the environmental flow regime (EFR). A technical report is produced after the workshop that outlines
the environmental flow regime and describes the reasoning for the different flow components.

3. Follow-up activities linking the workshop with the engineering and planning concerns

Following the workshop, the flow regime described in the workshop is incorporated in a hydrological
yield analysis. This reveals whether or not the EFR can be met without conflict with potential
consumptive users. If conflicts are identified, adjustments are made until a compromise is achieved.
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Figure 1.
g Conceptual model of the Building Block Methodology approach. Using a natural hydrograph,

key components of the river flow are identified (A), and some proportion of these building blocks are
retained to provide an environmental flow regime. For example, blocks 1 and 6 are used to retain
perennial low flows of the hydrograph, blocks 2, 4 and 5 are used to separate wet and dry seasons,
and block 3 is used to introduce a first larger flood of the wet season. Source: King et al. (2008),

Figure adapted from Linnansaari et al., (2012) based on King et al., (2008).
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APPENDIX G. SPREADSHEET TEMPLATE FOR GWAM WATER BUDGET ANALYSES

This appendix is provided as a separate Excel file attachment.
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APPENDIX H. CONFIDENCE RATINGS OF FOUR TEST AQUIFERS

Table H1: Confidence rating for the Gabriola Island aquifers.

Aquifer Number: 706 and 709

Type: 5a fractured sedimentary bedrock aguifer

Location: Gabricla Island

ltem Parameter Measure Confidence Level SP:;T: H A::ii:r::d Weighting Factor ‘U'NI:::(glhmﬁl:l'; Score
> 50 km” high 3 3 1
1 Anuifer AreaiArea of 10 - 50 km” moderate 2 05 5%
Interest _
< 10 km" low 1 0.25
Degree of Development | high 3 1
2(a). Aquifer Classificafion I moderate 2 2 05 5%
11 low 1 0.25
Vulnerability A low 1 1 0.25 1.25
2(b). Aquifer Classificafion B moderate 2 0.5 5% 0.00
c high 3 1 0.00
unconfined unconsolidated high 3 1 0.00
unconfined unconsolidated and stream
3 Aguifer Type connected moderate 2 0.5 5o 0.00
bedrock or confined unconsolidated low 1 1 0.25 1.25
well defined high 3 3 1 10.00
4 Aquifer or Area Boundaries partially defined moderate 2 0.5 10%
poorly defired low 1 0.25 0.00
& Aquifer Depth Sl <2 il 59 high 3 1 5% 0.00
deep >30m moderate 2 2 0.5 250
1 high 3 1
B :Ebr:;a";xgtj::;:f 2103 moderate 2 05 5%
=3 lowy 1 1 0.25
nene high 3 1
T Reported Quantity Issues lacal moderate 2 2 0.5 10%
widespread low 1 025
none high 3 1
B Reported Quality Issues lacal moderate 2 2 0.5 5%
widespread low 1 0.25
mainly rural and recreational high 3 3 1
8 Land Use rural and urban mixed moderate 2 0.5 5%
mainly urban and industrial low 1 0.25
Connected Aguatic < 3 estimated high 2 !
10 Ecosystems 3 to 5 estimated moderate 2 0.5 5%
> 5 estimated low 1 1 0.25 125
Hydrologic and Geolog signiﬁcant amounts and sources high 3 1 0.00
" Data Availability fair amounts and sources moderate 2 2 0.5 10% 5.00
very little data available low 1 025 0.00
Total: Max. 75 42.50
Percentage of Max: 57
Confidence factor 8 = 14.2
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Table H2: Confidence rating for the Westwold Valley Aquifer.

Type: 1b, predominantly unconfined
Aquifer Number: 289 aquifer along rivers of moderate stream Location: Westwold Valley
order
Point Points feter] Maximum
tem Parameter Measure Confidence Level Scale || Assigned Weighting Factor Weighting Score
> 50 km’ high 3 1 0.00
Aguifer ArealArea of 3 - -
1 Interest 10 - 50 km moderate 2 2 0.5 5% 2.50
<10 km’ low 1 0.25 0.00
Degree of Development I high 3 1 0.00
2(a). Aquifer Classification Il moderate 2 2 0.5 5% 250
1] low 1 025 0.00
Wulnerability A low 1 0.25 0.00
2{b). Aquifer Classification B moderate 2 2 0.5 5% 250
c high 3 1 0.00
unconfined unconsolidated high 3 3 1 500
unconfined unconsolidated and stream
a Aquifer Type connected moderate 2 05 5% 0.00
bedrock or confined unconsolidated low 1 025 0.00
well defined high 3 3 1 10.00
4 Aquifer or Area Boundaries partially defined moderate 2 0.5 10% 0.00
poorly defined low 1 025 0.00
5 Aguifer Depth shallow < 1to 30 m high 3 = 1 5% 5.00
deep > 30m moderate 2 0.5 0.00
1 high 3 1 0.00
Number of Watersheds -
] Encompassing Aquifer 2103 moderate 2 2 05 5% 250
=3 low 1 0.25 0.00
none high 3 3 1 10.00
7 Reported Quantity Issues local moderate 2 05 10% 0.00
widespread low 1 0.25 0.00
none high 3 3 1 5.00
-} Reported Quality Issues local moderate 2 05 6% 0.00
widespread low 1 025 0.00
mainly rural and recreational high 3 3 1 5.00
9 Land Use rural and urban mixed moderate 2 05 5% 0.00
mainly urban and industrial low 1 025 0.00
e A < 3 estimated high 3 3 1 5.00
onnecte at
10 Ecosysle:i © 3 to 5 estimated moderate 2 0.5 5% 0.00
> 5 estimated low 1 025 0.00
Hydrologic and Geologh significant amounts and sources high 3 3 1 10.00
rologic ani g -
1 v Data Availability fair amounts and sources moderate 2 05 10% 0.00
very little data available low 1 025 0.00
Total: Max. 75 65.00
Percentage of Max: 87
Confidence factor 8 = 217
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Table H3: Confidence rating for the West of Aldergrove Aquifer.

Type: 4b, predominantly confined sand
Aquifer Number: 33 and gravel aquifer of glacial or pre- Location: West of Aldergrove
glacial origin
Point Points et Maximum
Item Parameter Measure Confidence Level Scale [] Assigned Weighting Factor Weighting Score
Aquifer ArealArea of > 50 km? high 3 3 1 5.00
uifer ArealArea o =
1 Interest 10 - 50 km moderate 2 05 5% 0.00
<10 km’ low 1 0.25 0.00
Degree of Development 1 high 3 1 0.00
2(a). Aquifer Classification Il moderate 2 2 0.5 5% 2.50
1] low 1 0.25 0.00
Vulnerability A low 1 0.25 0.00
2{b). Aguifer Classification B moderate 2 0.5 5% 0.00
c high 3 3 1 5.00
unconfined unconsolidated high 3 1 0.00
unconfined unconsolidated and stream
3 Aquifer Type connected moderate 2 05 5% 0.00
bedrock or confined unconsolidated low 1 1 0.25 1.25
well defined high 3 3 1 10.00
4 Aguifer or Area Boundaries partially defined moderate 2 0.5 10% 0.00
poorly defined low 1 0.25 0.00
5 Aquifer Depth shallow < 1to 30 m high 3 3 1 5% 5.00
deep >30m R 2 05 0.00
1 high 3 1 0.00
Number of Watersheds
& Encompassing Aquifer 2103 moderate 2 05 5% 0.00
=3 low 1 1 0.25 1.25
nene high 3 3 1 10.00
7 Reported Quantity ssues local moderate 2 05 10% 0.00
widespread low 1 0.25 0.00
none high 3 3 1 5.00
8 Reported Quality Issues local moderate 2 05 5% 0.00
widespread low 1 0.25 0.00
mainly rural and recreational high 3 1 0.00
9 Land Use rural and urban mixed moderate 2 2 05 5% 2.50
mainly urban and industrial low 1 0.25 0.00
e cted Acuat < 3 estimated high 3 3 1 5.00
onnected Aguatic y 05
10 Ecosystems 3 to 5 estimated moderate 2 . 5% 0.00
> 5 estimated low 1 0.25 0.00
e significant amounts and sources high 3 3 1 10.00
I i
L 4 DataAvaiIabiIityog fair amounts and sources moderate 2 0.5 10% 0.00
very little data available low 1 025 0.00
Total: Max. 75 62.50
Percentage of Max: 83
Confidence factor B = 208
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Table H4: Confidence rating for the Mill Bay Aquifer.

Type: 4a, predominantly unconfined
Aquifer Number: 206 aquifers of fluvial or glaciofluvial Location: Mill Bay
origin,along river or stream valleys
Item Parameter Measure Confidence Level | EOMt [ Points | woiohting Factor el Score
Scale Assigned Weighting
> 50 km? high 3 1 0.00
Aguifer ArealArea of = .
1 Interest 10 - 50 km moderate 2 0.5 5% 0.00
<10 km? low 1 1 0.25 1.25
Degree of Development I high 3 1 0.00
2(a). Aquifer Classification I moderate 2 2 0.5 5% 2.50
1] low 1 0.25 0.00
Wulnerability A low 1 1 0.25 1.25
2(b). Aquifer Classification B moderate 2 0.5 5% 0.00
C high 3 1 0.00
unconfined unconsolidated high 3 3 1 5.00
unconfined unconsolidated and stream
3 Aquifer Type connected moderate 2 0.5 5%, 0.00
bedrock or confined unconsolidated low ] 025 0.00
well defined high 3 3 1 10.00
4 Aquifer or Area Boundaries partially defined moderate 2 0.5 10% 0.00
poorly defined ow 1 025 0.00
5 Aguifer Depth shallow < 1 to 30 m high 3 | 1 5% 5.00
deep >30m moderate 2 0.5 0.00
1 high 3 1 0.00
Number of Watersheds .
6 Encompassing Aquifer 2103 moderate 2 2 0.5 5% 2.50
>3 low 1 0.25 0.00
none high 3 3 1 10.00
7 Reported Quantity Issues local moderate 2 0.5 10% 0.00
widespread low 1 025 0.00
none high 3 3 1 5.00
B Reported Quality lssues local moderate 2 05 5% 0.00
widespread low 1 0.25 0.00
mainly rural and recreational high 3 1 0.00
9 Land Use rural and urban mixed moderate 2 2 05 5% 2.50
mainly urban and industrial low 1 025 0.00
e cted Aduat < 3 estimated high 3 1 0.00
onnected Aquatic y 05
10 Ecosystems 3 to 5 estimated moderate 2 2 . 5% 2.50
> 5 estimated low 1 025 0.00
T significant amounts and sources high 3 3 1 10.00
rologic and Geologic
1 y DataAvaiIabiIitym fair amounts and sources moderate 2 0.5 10% 0.00
very little data available low 1 025 0.00
Total: Max. 75 57.50
Percentage of Max: 77
Confidence factor 8 = 19.2
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APPENDIX I. SPREADSHEET EXAMPLE RESULTS OF APPLYING GWAM TO THE FOUR TEST AREAS

Table 11: Results of utilizing 5% of normal precipitation for calculating recharge on Gabriola Island.

AQUIFER TYPES 5a, 5b, 6a, 6b

Based on: [Normal Year Precipitation | Water Budget Analysis [ Aquifer/Area: [Gabriola Island
[ 1971-2000 Aquifer Type: [ 5a [ BDRK |
3
m
INPUTS Units JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC Annual Totals
P mm 130 106 87 57 45 41 26 28 39 81 147 138 4.83E+07
., m 0.00E+00
GW
Q" m 0.00E+00
Romonth m 3.39E+05 | 2.77E+05 | 2.27E+05 | 1.49E+05 | 1.17E+05 | 1.07E+05 | 6.79E+04 | 7.31E+04 | 1.02E+05 | 2.11E+05 | 3.84E+05 | 3.60E+05 | 2.41E+06
R m> 3.39E+05 | 2.77E+05 | 2.27E+05 | 1.49E+05 | 1.17E+05 | 1.07E+05 | 6.79E+04 | 7.31E+04 | 1.02E+05 | 2.11E+05 | 3.84E+05 | 3.60E+05 | 2.41E+06
QSWLeak m 0.00E+00
QI'RRetumin m 0.00E+00
OUTPUTS | Units
ET mm 0.00E+00
QeWeume | m 3.26E+04 | 3.26E+04 | 3.26E+04 | 8.94E+04 | 9.24E+04 | 1.34E+05 | 1.32E+05 | 1.32E+05 | 9.64E+04 | 3.36E+04 | 3.36E+04 | 3.26E+04 | 8.73E+05
QSeume 1 m? 0.00E+00
[ i m? 0.00E+00
Q%% m’ 0.00E+00
STORAGE Units
SW 3
AS m 0.00E+00
ASSY m 0.00E+00
AGSWLakes m 0.00E+00
Fundamental Equations: R = P+ Q%+ QRRetvm L ET - ASSWiakes _ QSW_ .- QSWeume
Qavar R - QGWpumpnu:' a QGwnul
R/P = %
Confidence Factor: B = 0.15
annual EFN allocation = 0.00E+00 m’ Ratio: QEWPumP /R = 36.2 % Qarioc 2.31E+05 m*
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Table 12: Results of water budget analysis for 2011 for the Westwold Valley Aquifer.
AQUIFER TYPES 1a,1b,1c,2,and 3

Based on: [Normal Year Precipitation [ Water Budget Analysis | Aquifer/Area: Westwold Valley Aquifer
1971-2000 Aquifer Type: i(b) | UNC ]
3
m
INPUTS | Units | JAN FEB MAR APR MAY JUN JuL AUG SEPT ocT NOV DEC  |Annual Totals
P, m 112850 79550 74370 86210 143560 167610 154290 128020 128390 112110 121360 141710 1450030
Q" m? 1860000 | 2502950 | 3267400 | 3792486 | 9311200 | 4825942 | 3412428 | 2146013 | 1923536 | 2656700 | 2238000 | 1860000 | 39796655
Q% m? 248900 229925 248900 242000 248900 | 242000 248900 248900 242000 248900 | 242000 | 248900 2940225
Rumontn m? 226712 | 1368931 | 2647544 | 2825841 | 10573678 | 3645242 | 849083 47574 670040 | 1030246 | 504126 | -168992 | 23766601
Rsor m? 0.00E+00 | 1.37E+06 | 2.65E+06 | 2.83E+06 | 1.06E+07 | 3.65E+06 | 8.49E+05 | 4.76E+04 | 6.70E+05 | 1.03E+06 | 5.04E+05 | 0.00E+00 | 24162305
QEWLeak. m?
m
QrRem,, m? 28217 56434 112868 | 160628 169301 28217 555665
OUTPUTS | Units
ET m* 291384 474066 224551 | 449102 561378 561378 336827 186162 | 89034 3173882
QEWeume m? 14012 12769 14012 404433 795759 | 1566554 | 2348403 | 2348403 393933 14012 13560 14012 7939862
QSWeume m? 92514 370058 462572 555087 92514 1572745
Q% m? 1550000 | 1412500 | 1407400 | 1560000 | 2640000 | 1800000 | 1550000 992000 1110000 | 1599600 | 1530000 | 1550000 | 18701500
3
Qo m 6200 5650 6200 6000 6200 6000 6200 6200 6000 6200 6000 6200 73050
STORAGE | Units
ASSW m’ 0
AS®Y m? -898462 -30994 464274 144414 | 3453584 | -273236 | -2039735 | -2207747 | -634617 | -387864 | -567234 | -869602 | -3847219
Equations: Ryor = Pp + (1 swin - stnuf *+ stPumpnut) + QGWin * Q’Rhmmm +ASSY
ASSW = Pp + ( swm _ stom + stpumpou‘ ) * QGWm + Q!RRe!umm . { ET + stom + QSWpumpom * Qﬁwom * QGWpumpo u‘)
QAVAM. Rror - chpumpour -a stout) RTOT/P” =
Confidence Factor: B = 21.7
. 3
EFN Factor: a = Ratio: Q"P“™P,../Qavan = % Quar = | 14637258 m
annual EFN allocation = 3.65E-+04 m’ Ratio: Q™P“™ ../Reor = % Qaoc = | 3176285 m*
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Table 13: Results of water budget analysis for the West of Aldergrove Aquifer.

AQUIFER TYPE 4b and 4c

Based on: |Norma| Year Precipitation Water Budget Analysis Aquifer/Area: West Aldergrove Aquifer
1945-2012 Aquifer Type: 4b) [ UNC ]
m?
INPUTS Units JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC Annual Totals
P mm 0
stin m3 0
QGW,-,-, m’ 291524 263312 291524 282120 291524 282120 291524 291524 282120 291524 282120 291524 3432460
Ronontn m? 2411707 | 2178316 2411707 2333910 2411707 | 2333910 2411707 2411707 2333910 2411707 2333910 2411707 28395905
R m 241E+06 | 2.18E+06 | 2.41E+06 | 2.33E+06 | 2.41E+06 | 2.33E+06 | 2.41E+06 | 241E+06 | 2.33E+06 | 241E+06 | 2.33E+06 | 2.41E+06 28395905
QGWLeak,-,, m? 2411707 | 2178316 2411707 2333910 2411707 | 2333910 2411707 2411707 2333910 2411707 2333910 2411707 28395905
QFRRerurn. m 0
n
OUTPUTS Units
ET mm 0
Qe 9P st m 96822 99572 106780 117346 126450 147440 173765 159342 137646 112254 101143 98235 1476795
3
(JSWpu.rm,umrr m 0
stm‘r m? 0
QGWoug m 2577836 | 2328368 2577836 2494680 2577836 | 2494680 2577836 | 2577836 | 2494680 2577836 2494680 2577836 30351940
STORAGE Units
AS™ m 0
ASW m 28573 13688 18615 4004 -1055 -26090 -48370 -33947 -16296 13141 20207 27160 -370
ASLakes m 0
Revised Equations:
A S = (@, + QO ) — (@ + Q%)
R = QGWLeakin = {QGWaut + QGwpumpour) = (QGwin) +A SGW
Qavar R - QGWpumpour' a QGWouf
Confidence Factor: B = 20.8
EFN Factor: o= |I| Ratio: QP o/ Quyan = II'% Quvan = 2.69E+07 m’
annual EFN allocation = 0.00E+00 m? Ratio: QS"P“™,../R % Qaoc = | 5.60E+06 m?
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Table 14: Results of water budget analysis for average year precipitation for the Mill Bay Aquifer.
AQUIFER TYPE 4a

Based on: |Norma| Year Precipitation | Water Budget Analysis Aquifer/Area: IM Bay Aquifer
[ 1977-2006 Aquifer Type: 4(@) | UNC
3
m
INPUTS Units JAN FEB MAR APR MAY JUN JuL AUG SEPT oCT NOV DEC Annual Totals
P mm 201.4 138.7 117.9 68.5 48.9 39.5 23.3 28.3 37.4 109.7 220.9 206.2 3188154
stin m> 50108 43900 31777 15364 5448 2210 1312 426 358 3289 23246 49531 226969
Q% m? o
Rmom‘n m> 229577 149538 107917 25916 -31195 -49193 -47993 -21597 -7199 78928 242168 236079 912946
Re m* 229577 149538 107917 25916 0 0 0 0 0 78928 242168 236079 1070123
QGWLeak_ m> 0
in
QIRRe turn n m 3 0
QUTPUTS Units
ET mm
QGWPUMPM, m* 34535 37413 43169 46047 51803 57559 63315 66193 57559 46047 40291 31657 575588
stPumPgm m> 0
stoul m? 45932 40324 29129 14084 4994 2025 1203 391 329 3015 21309 45403 208138
QGW,,M m> 92806 89369 99681 98535 103118 98535 99681 97390 92806 93952 89369 90514 1145756
STORAGE Units
ASGW m> 106412 26332 -32285 -117386 -154467 -155909 -162887 -163548 -150336 -60797 114445 118036 -632390
ASSW m’ 0
ASSWLakes m> 0
Equations: Rp +@%, = @™, +Q°,, + Q°"PumP  + ASSW
- G G
Quar = Rpor - Q wPumPaur' aQ waur
Rior = Re +Q%,
Confidence Factor: B = 19.2 Rp/P = 33.6 |%
EFN Factor: a= Ratio: Q®"PU™ ..\ /Qavan = 3873 |% Quaw = | 148626 :
annual EFN allocation = 5.73E+05 m’ Ratio: QWP /Ryor = [ 444 % Quioc = | 28536 m’
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Table I5: Results of water budget analysis for driest period (1987-1989) precipitation for the Mill Bay Aquifer.
AQUIFER TYPE 4a

Based on: [Driest Year Precipitation [ [ Water Budget Analysis [ Aquifer/Area: [Mill Bay Aquifer
[ 1989 Aquifer Type: [ 4@ [ unc ]
m3
INPUTS Units JAN FEB MAR APR MAY JUN JuL AUG SEPT ocT NOV DEC Annual Totals
P mm 214.2 704 120.2 65 56 6.8 14.2 184 5.6 13.8 156.8 211.2 2448182
Q™ m’ 50108 43900 31777 15364 5448 2210 1312 426 358 3289 23246 49531 226969
QGwin m3 0
Ronontn m’ 188310 107984 167904 10078 -39594 -50392 | -43193 -17997 -11998 30595 120102 152377 614176
Re m’ 188310 107984 167904 10078 0 0 0 0 0 30595 120102 152377 777350
QGWLEakV m3 0
n
QIR Return n m? 0
OUTPUTS Units
ET mm
QSWeume m’ 34535 37413 43169 46047 51803 57559 63315 66193 57559 46047 40291 31657 575588
stp“mpaut m? 0
Q¥ m? 45932 40324 29129 14084 4994 2025 1203 391 329 3015 21309 45403 208138
Q% m’ 94252 87077 96243 95097 99681 96243 99681 98535 93952 97390 92806 95097 1146054
STORAGE Units
ASSW m’ 63699 -12930 31140 -129786 | -151030 | -153617 | -162887 | -164693 | -151482 | -112568 | -11058 29751 -925461
ASSW m* 0
ASSWLakes m? 0
Equations: Ry + stin = stnur + QGwnur + QGWpumpom_'_ ASW
Quar = Ryor - QGWpumpo_ (24 QGwaut
Rior = Rp + stm
Rp/P = 31.8 |%
Confidence Factor: B = 19.2
EFN Factor: a= Ratio: Q""" ou/Qavan. = -398.9 |% Quaw = [ -144296 m?
annual EFN allocation = 5.73E+05 m* Ratio: Q°WPU™P, . /Rror = | 573 |% Qaoc = [ -27705 m’
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Table 16: Results of water budget analysis for average year precipitation for the Mill Bay Aquifer based on data from Rathfelder (2018)..
AQUIFER TYPE 4a

Based on: |Norma| Year Precipitation | Water Budget Analysis Aquifer/Area: IM Bay Aquifer
[ 1977-2006 Aquifer Type: 4@ | UNC
3
m
INPUTS Units JAN FEB MAR APR MAY JUN JuL AUG SEPT OCT NOV DEC Annual Totals
P mm 201.4 138.7 117.9 68.5 48.9 39.5 233 283 37.4 109.7 220.9 206.2 3188154
st,-,, m* 50108 43990 31777 15364 5448 2210 1312 426 358 3289 23246 49531 227059
QGwm m’ 10423 10037 11195 11066 11581 11066 11195 10937 10423 10551 10037 10165 128676
Roonth m? 229430 149442 107848 25900 -31175 -49161 -47962 -21583 -7194 78877 242013 235928 912363
Re m> 229430 149442 107848 25900 0 0 0 0 0 78877 242013 235928 1069438
QGWLeak_ m? 0
n
QIRRe turn n m? 0
OUTPUTS Units
ET mm
QGWpumpD,_,, m* 20051 21722 25064 26735 34467 44394 49931 51602 35614 26735 23393 18380 378088
QSWPumPaut m3 0
stuur m3 0
QGwour m> 108939 99101 94452 77997 71475 65938 66526 64942 62312 66408 82134 107638 967862
STORAGE Units
ASW m* 160971 82646 31304 -52402 -88913 -57056 -103950 -105181 -87145 -426 169769 169606 79223
ASSW m’ 0
ASSWLakes m3 0
Equations: Re + Q% + Q% = Q% + Q%" + Q™ + ASSW
Qavar Ryor - QGwPumpour' [24 QGwnut
Rior = Rp + stm + stfn
Rp/P = 335 |%
Confidence Factor: B = 19.2
EFN Factor: a = Ratio: QS™PY™ .0/ Qavan = % Qavan. = 563154 m?
annual EFN allocation = 4.84E+05 m’ Ratio: QCWPU™P . /Rror = % Qaoc = [ 108126 m’
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Table 17: Results of water budget analysis for driest period (1987-1989) precipitation for the Mill Bay Aquifer based on data from Rathfelder (2018).
AQUIFER TYPE 4a

Based on: |Driest Year Precipitation | Water Budget Analysis Aquifer/Area: IM Bay Aquifer
[ 1987-1989 Aguifer Type: 4@ [ uNC ]
m3
INPUTS Units JAN FEB MAR APR MAY JUN JUL AUG SEPT oCT NOV DEC Annual Totals
P mm 214.2 70.4 120.2 65 56 6.8 14.2 18.4 5.6 13.8 156.8 211.2 2448182
QSW,—,, m? 50108 43990 31777 15364 5448 2210 1312 426 358 3289 23246 49531 227059
QGwm m* 10551 9779 10809 10680 11195 10809 11195 11066 10551 10937 10423 10680 128675
Rmonth m’ 188190 107915 167797 10072 -39569 -50360 -43166 -17986 -11991 30576 120025 152279 613782
Ry m? 188190 107915 167797 10072 o 0 0 0 0 30576 120025 152279 776854
QGWLeakm m? 0
QIRRe turn n m? 0
QOUTPUTS Units
ET mm
QSWeume . m’ 20051 21722 25064 26735 34467 44394 49931 51602 35614 26735 23393 18380 378088
QSWpumPDm m3 0
Q™o m’ 0
QGWM, m* 109325 98329 93294 76839 70317 65166 66526 65328 62698 67566 83292 109182 967862
STORAGE Units
ASSW m’ 119473 41633 92025 -67458 -88141 -96541 -103950 -105438 -87403 -49499 47009 84928 -213362
ASSW m’ 0
ASSWLakes m? 0
Equations: Ry +Q%, +@%, = @, +Q°,, + Q°"PumP  + ASCW
Quar = Ryor - QGWpumPour' a Qquur
Rior = Rp + stm + QGWm
Rp/P = 31.7 Y%
Confidence Factor: B = 19.2
EFN Factor: a = Ratio: Q“"PU™P,,./Qavar. = % Qavar = m*
annual EFN allocation = m’ Ratio: QSWP“™P,\/Rror = % Qaroc = m?
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