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Disclaimer

SRK Consulting (Canada) Inc. has prepared this document for Regional District of Nanaimo. Any
use or decisions by which a third party makes of this document are the responsibility of such third
parties. In no circumstance does SRK accept any consequential liability arising from commercial
decisions or actions resulting from the use of this report by a third party.

The opinions expressed in this report have been based on the information available to SRK at the
time of preparation. SRK has exercised all due care in reviewing information supplied by others for
use on this project. Whilst SRK has compared key supplied data with expected values, the accuracy
of the results and conclusions from the review are entirely reliant on the accuracy and completeness
of the supplied data. SRK does not accept responsibility for any errors or omissions in the supplied
information, except to the extent that SRK was hired to verify the data.

Copyright
This report is protected by copyright vested in SRK Consulting (Canada) Inc. It may not be

reproduced or transmitted in any form or by any means whatsoever to any person without the written
permission of the copyright holder.
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1

Introduction

In 2012, The Regional District of Nanaimo (RDN) initiated the Water Budget project to better
understand the sustainable availability of water within a number of local water use areas. The project
consists of two phases: Phase 1, which includes development of hydrogeological conceptual models
and water budgets, and Phase 2, which will include a more detailed analysis, such as groundwater
numerical modeling based on the results of Phase 1. This report presents results of Phase 1 for the
Regional District’s Electoral Area B, which encompasses Gabriola, Mudge, and DeCourcy islands
(Figure 1).

Most of the study area relies on groundwater as its primary source of drinking and irrigation water.
On Gabriola Island, groundwater in the fractured rock aquifers is recharged from rainwater and, in
light of increased development and climate change, there are concerns about the groundwater
resource and its sustainability and quality; a view shared by many of the islands’ residents.

Several water resource studies concerning the islands have been completed to date. Phase 1 seeks
to improve the understanding of regional water resources and, in particular, provide better
descriptions of the hydrological cycle, available water quantity, the flow system, and water demand,
along with a discussion of factors affecting sustainability.

Electoral Area B
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Figure 1: Regional District of Nanaimo and Electoral Area B.
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1.1

1.2

1.3

Objectives

The specific objectives of the Phase 1 project for Gabriola, Mudge, and DeCourcy islands are:

e To update and review the existing hydrogeological information to improve the understanding
of the groundwater system on Gabriola Island and nearby islands and to link all available
information within one updated conceptual model.

e To develop a three-dimensional representation of the geological and hydrogeological
system.

e To develop a water budget as a first step in understanding current groundwater and surface
water utilization, as well as sustainable extraction.

e To assess groundwater extraction “stress” on aquifers.

o To identify data gaps or additional requirements that can be used to improve the RDN’s
plans for expansion of the long term groundwater observation well network.

Project Scope and Tasks

As specified in the Request for Proposals (Water Budget Project: Phase One—RDN Gabriola,
DeCourcy, & Mudge Islands), the scope of work for the SRK/Thurber Engineering team included:

1. Development of an updated hydrogeological conceptual model

2. Completion of a data gap analysis and suggestions for additional data collection
3. Estimation of groundwater and surface water balance components

4. Assessment of the water demand stress in each island water region

5. Presentation of results to the RDN and the Islands Trust

Over the course of the data gap analysis, a suggestion was made to conduct a short data collection
program to provide additional information on hydraulic properties. This additional task was
completed during late summer 2012.

Report Organization

This report has been formatted to present the Phase 1 findings of this project to a wide readership,
including island residents, Island Trust members, and managers at the Nanaimo Regional District.
The main report provides an overview of the hydrogeology of Gabriola, Mudge & DeCourcy Islands,
water budget methods and results. As specified by the RDN, the text of this report was written in less
technical language than typical engineering reports, but the text is based on technical information
described in detail in the appendices. For this reason, in the main text of this report there are no
specific references to journal papers or reports, except general references to work done previously
and to the appendices of this report. Details on specific components, methodologies and
calculations, and technical references are presented in the accompanying appendices.

Most figures presented in main document text are symbolic and designed to visually introduce some
sections and to improve understanding of text by non-technical readers. There are detailed figures
of technical graphs and maps in the Appendices.
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2

Hydrogeological Conceptual Model

A hydrogeological conceptual model is a simplified representation of the essential features of the
physical hydrogeological system and its hydraulic behavior, to an adequate degree of detail. In the
case of this specific project, the hydrogeological conceptual model has been developed based on
observations and measurements on Gabriola Island and other Gulf Islands, fundamental
groundwater flow processes known in hydrogeology, and professional experience. The “model” is, by
necessity, a simplification of actual, highly complex conditions used to help understand how the
groundwater system operates on those islands, and what the range of properties of the aquifers is
that characterizes the groundwater resource for residents and other uses.

At its most basic level, the conceptual model is based on the geological setting of Gabriola, Mudge,
and DeCourcy islands and how these islands relate geologically to other Gulf Islands. Local geology
provides the framework for characterizing the local hydrogeology. In terms of the hydrogeological
system, the conceptual model describes the potential flow pathways and storage properties of the
aquifers, the quantities of groundwater involved, and how these quantities relate to water demand on
the islands.

Geological Setting

Gabriola (sandstone) Figure 2: Nanaimo Group sequence of formations
on Gabriola, Mudge, DeCourcy Islands.

(modified after Denny et al 2007 — see Appendix A)

e — —
—————

i = ‘ : = = =>_Geoffrey (sandstone & The geology of the islands themselves, that is, the

conglomerate) rocks and sediments that form the islands, is the
framework in which the groundwater flows.
Understanding the geology is thus the first step in
de Courcy (sandstone)  developing the hydrogeological conceptual model.

Northumberland (mudstone)

------- Cedar District (mudstone,  The geology of the Gulf Islands is made up, to a large

sandsione)  jeqree, of sedimentary rocks of the Upper Cretaceous
Nanaimo Group. These sedimentary rocks consist of
materials such as sand, silt, and clay that were

deposited by water many millions of years ago. The
way in which these sediments were deposited over
time resulted in different thicknesses of various

material types, which were later “lithified”, or
compressed into sandstone and mudstone (locally called “shale”) rocks, with some areas of poorly
sorted (large range in size of the grains, pebbles, and cobbles) materials forming what is known as
conglomerate.

The rocks can be subdivided by their age into rock “formations” (certain marine fossils can be used
to estimate the age of deposition). The typical sequence of these formations on the islands is shown
in Figure 1, as a geological column. More details on geology are presented in Appendix A. The
generalized column is a portion of the full sequence of formations mapped on the Gulf Islands. Since
most of these formations include rocks of different types (e.g., sandstone, siltstone or mudstone), the
formations appear as alternating units of what are considered sandstone-dominant and mudstone-
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dominant. There are no distinct “contacts”, or boundaries between some formations, and most
contain some sandstone and mudstone, often in alternating layers.

Of the eleven defined formations within the Nanaimo Group in the Gulf Island region, only some are
visible at surface on Gabriola, Mudge, and DeCourcy Islands. This is because the rocks have been
folded, tilted and eroded over time so that in some places only some rock formations exist above sea
level. The formations observed on Gabriola, Mudge, and DeCourcy Islands include:

e The Gabriola Formation, which is usually a thick layer of sandstone. This is what is often
observed forming higher elevation cliffs around Gabriola Island.

e The Spray Formation, which is composed mostly of siltstone and mudstone and is
associated with steps or terraces in the overall ground surface on Gabriola. These rocks are
usually observed at the bottom of cliffs, where past wave action or runoff has eroded the
mudstone more easily than the sandstone.

e The Geoffrey Formation, which forms much of the lower elevation part of Gabriola Island, is
composed of thick sandstone and conglomerate layers (or beds in geological terminology).

e The Northumberland Formation is found at even lower elevations, and outcrops along some
shores of Gabriola Island and makes up the ocean bed between Gabriola, Mudge, and
DeCourcy Islands. These rocks are similar to the Spray Formation in that silty mudstone is
dominant, but there are also some layers that have been altered to clay, as well as some
conglomerate layers. This rock formation is relatively thick.

e Deeper still is the DeCourcy Formation, which is made up mostly of sandstone with some
siltstone and mudstone. This rock formation is found deep below Gabriola Island, and also,
due to folding of the sedimentary rock layers, to the south of Gabriola along the shores of
Mudge and DeCourcy Islands.

e Lastly, and exposed only on Mudge Island is the Cedar District Formation, which is a mix of
thin layers of siltstone, mudstone, and sandstone.

The regional structural geology describes how the Nanaimo Group rocks were folded and faulted
over time. On Gabriola Island, the largest geological structure is a syncline fold (Figure 3), in which
the rock layers are deformed into a gentle u-shape, the lowest part of which occurs within the middle
of the island.

The land shapes (surface topography) of Gabriola and the smaller islands were formed from the
originally folded rocks by erosion, mostly by ocean waves, through chemical weathering above sea
level, and by glacial ice scraping. Wave erosion was significant and eroded the weakest geological
units, producing terrace-like steps corresponding to various historical mean sea levels.

The sandstone rocks are resistant to erosion because they are very strong and less fractured,
allowing them to stand as nearly vertical cliffs. Cliffs along the Northumberland Channel, visible from
the ferry, just around the corner from Descanso Bay, are made up of Geoffrey Formation sandstone
and conglomerate, while those farther south toward Dodd Narrows are made up of sandstone of the
Gabriola Formation. Cliffs along the north side of the island are mostly Geoffrey Formation
sandstone.
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Figure 3: Gabriola syncline and geological units in cross-sections.

The mudstone rocks are less resistant to wave erosion and have been eroded back from the shore
and form the sides and bottoms of some valleys. Along shores, mudstones do not form cliffs. Along
the False Narrows and east of Lock Bay are mudstone outcrops of the Northumberland Formation
rocks.

In parts of Gabriola Island, there are rock depressions that have been filled by glacial till and other
surficial sediments (e.g., sand, gravel, silt, and clay). These sediments may also hold and transmit
groundwater, but are generally above the water table. Small ponds and lakes may form on top of
clay deposits which prevent water from draining to the underlying fractured rock. Most of the island is
covered by relatively thin soils, and bedrock either outcrops or is covered by thin sails.
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2.2 Hydrogeological Units and Properties
2.2.1 Fractured Rock Aquifers
- Figure 4: Fractured sandstone, mudstone, and
N fault zone.
sandstone (modified after Surette et al 2007 — see Appendix B)
_MUdstdne shaiett
T 1 ==pgesq In the Nanaimo Group rocks, groundwater flows and
I TRVA A1 el 4 ; is stored almost exclusively within fractures or
::@EE@E @iéée,%? A l ‘ “cracks” in the rocks. These “fractured r(.)c?k aquifers”
FY % ) I—!“‘_‘}; ’ ,occur all around the world and can be difficult to fully
1 _]f H:r ffy&ﬁ _ understand, so hydrogeologists often try to
- 71: -/Hl; /| ‘:l , | understand how fractures affect groundwater flow at
-:T: S ) L -, large scales (by grouping fractures together). These
47 Z[‘ . ;:_’fﬁ-’_ groupings then become part of the conceptual model.
e m | ”‘*—-‘IA'L.: 1
Sandstone : | On Gabriola Island alone, there may be a billion
S ~~+ different fractures of various sizes, some of which are

interconnected to allow groundwater to move fast
along them or allow precipitation to recharge the system. Others, which may be too small or sealed
by mineral precipitates, may have no effect at all on groundwater flow. In addition, there is some
groundwater between sand and silt grains themselves, where the cement holding the grains together
to form the rocks does not completely fill spaces. Water flows extrernely slowly in these pores; most
water extracted by pumping wells on the islands comes from fractures. Hydrogeologists try to
understand the different types of fractures to see if or how groupings can be made.

There are different types of fractures (joints or “cracks” in rock) on the islands depending on the type
of rock (i.e., the lithologies) and location (Figure 4 and more detailed figures in Appendix B). Tectonic
events caused uplifting and folding of sedimentary layers. The fractures originated from stresses
within rocks during regional folding and faulting. Isostatic rebound due to glacier unloading at the end
of the ice age may have also contributed to fracturing.

Mudstone is a fine-grained rock type which, on the Gulf Islands, is very finely fractured. The high
frequency of fine fractures resulted from the way these rocks responded to stresses during
deformation. Sandstones fractured differently, into larger blocks with large and nearly vertical
fractures or some smaller fractures at other orientations. Vertical joints also formed in some places
where sandstone strata became unevenly supported by underlying mudstone because of
weathering. Vertical joints are important for allowing groundwater to infiltrate downward across
sandstone layers.

The largest occurrence of fractures in sandstone is near faults and where the folding was the most
intense. The largest fault on Gabriola Island is the Gabriola Fault. The geological units are shifted
and appear to be tilted differently to the west of this fault. Faults may also act as barriers to flow
when there is clay present within the fault; fault movement over a long time grinds the rock surface
into clay. There is no specific information available for the faults, however, along the faults, on either
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2.2.2

side, the rocks are usually more intensely fractured and this usually corresponds to faster
groundwater flow. Wells drilled near faults are often very productive, as seen on other Gulf Islands.

Hydraulic Properties

The fractured rocks have certain properties which describe how rapidly groundwater can move
through the fractures and how much groundwater can be stored in them. These properties control
how much water can be pumped and the properties can vary across different areas or between
different rock units. To better understand these properties on the islands, published reports were
reviewed and some testing was done as part of this project.

The review of published test data indicates that there is not much difference in these properties
between different geological formations. It is difficult to tell how representative these test data may
be; there has never been an island-wide test program to understand how these properties may vary
between different rock types or between wells screened in specific geological layers. The tests on
Gabriola and the other Gulf Islands were usually located in large fracture zones, which seem to have
more groundwater flow than normally fractured rock. Observations of groundwater seepage and the
shape of the water table suggest that there should be some differences in hydraulic properties
between units.

. Figure 5: Ocean tides and water level fluctuations in
2 tides per day

2to4m

wells.
ocean tide (note: details are in Appendix C)

During the late summer of 2012, SRK installed 10 water
level recorders in different pumping wells around the
island to do a tidal analysis. Tidal analysis uses the

$ response of the water level in wells to ocean tides to allow

\ an estimation of hydrogeological properties. Figure 5
illustrates how water level in a well is compared to a local
wells on island have small response tidal cycle. Like any test method, it has its limitations, but

to tides, which can be matched to

X as long as ocean tides are measured in well water levels,
ocean tides

the hydrogeological properties of rocks can be calculated.

In most residential and Ministry of Environment observation wells the groundwater levels respond to
ocean tides, some very slightly and a few very strongly.

The hydrogeological properties derived from these analyses show a lot of differences over Gabriola
Island, with the most transmissive rock near fracture zones in sandstone. Along the north and south
shores of Gabriola Island, where the Northumberland Formation is present, the test results suggest
effects of “confining layers”, which are layers that do not allow much groundwater flow and which
may be related to clay identified in drilling logs.

The results of all tests and other observations can be used to define different hydrogeological units.
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2.2.3 Hydrogeological Units

Fault fracture zones
(preferential flow paths)

Gabriola Island

Mudge Island

[
e 'r]

T“x-wvje --

Figure 6: Hydrogeological units on Gabriola Island.

Using the information on geology and hydrogeological properties, groupings or “hydrogeological
units” are defined. The more permeable units are classified as “aquifers” and the less permeable
ones as “aquitards”. These terms are only relative, and some islands as a whole may be better
aquifers than other islands.

In previous reports, different approaches to these groupings were used. In certain instances, whole
islands were considered to be groundwater aquifers. In others, zones of similarly fractured rock with
similar hydrogeological properties were used to define “hydrostructural domains”, a definition of
aquifers linked to fracture occurrence and their ability to conduct water, rather than a more general
description of a simple island aquifer. For this project, the main hydrogeological units (Figure 6) are
generally considered to follow the geological formations, with fault zones cutting across all units and
forming preferential flow pathways. A discussion of these units (shown in bold) follows.

Sandstone and conglomerate aquifers

These units are layered (following the geological formations) and bent along the u-shaped fold
according to the geology on Gabriola Island. These aquifers have large, nearly vertical, fractures
which are very conductive to groundwater but are also easily drained and refilled. Variations of
lithology and fracturing can occur within these units. Mudstone interbeds are common and can act as
local aquitards to groundwater flow across them. These are represented on Gabriola Island by the
Gabriola Formation and Geoffrey Formation.

e The Gabriola Formation is an unconfined aquifer that receives most of the groundwater
recharge from precipitation. Water infiltrates from rainfall and flows through fractures in
sandstone.

e The Geoffrey Formation is an aquifer that is productive in many places. In the middle of
Gabriola Island much of this aquifer is confined and unused because it is deep below
ground. It is unconfined around the edges of the island and has a very steep water table
within its fractures near cliffs. There may be a separate lower water table below the Spray
Formation near some cliffs.
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>,

Figure 7: Flow through fractures in sandstone and
mudstone at exposed cut rock slope.
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- ; water effectively. However, in many areas, the
(e o ol mudstones do not conduct water as easily as
: : sandstones and are more difficult to drain. Small
mudstone layers occur in many places within sandstones
and contribute to complicated groundwater flow pathways (Figure 7). The Spray Formation and
mudstone interbeds within sandstone units are good examples. The Spray Formation may act as an
aquitard that acts as a water “bowl!” and holds the water table high in middle of Gabriola Island.

o

Other, differently fractured mudstones, such as the Northumberland Formation, can store as much
water as sandstones and can be more productive aquifers than less fractured sandstones. The
Northumberland Formation is a productive aquifer with many thinner clay aquitard layers. This unit is
present deep below the island, mostly below sea level. Groundwater discharge occurs along shores
and below the sea bed from this unit because of the geometry of the aquifer and aquitard layers. It is
also effective at limiting salt water intrusion in wells pumped near the shore from this unit due to
presence of clay aquitard layers.

Clay-altered mudstone aquitards.

These units are present within the mudstone aquifer. Groundwater can only flow very slowly across
clay layers and is forced to flow parallel to them through the mudstone or sandstone.

Large fracture zones associated with major faults.

These units are present in some locations and cut across sandstone and mudstone layers. The
fracture zones are narrow and do not store very large quantities of water, but they can act as
conductive channels between different parts of the aquifer. The effects of pumping or of ocean tides
can be detected over long distances along fracture zones.

Well Yields and Aquifer Productivity

Water yields are a useful indirect measure of aquifer productivity.

On Gabriola Island, there is some clustering of wells with higher yields in some areas, but there is no
clear pattern. Wells are drilled where residences are established and the pattern of development is
clustered along shores, roads, tops of cliffs, and where new subdivisions were established.

The most productive areas appear to be in fracture zones near intersections of major faults, within
the Northumberland Formation, along shorelines, and generally in west part of the island. Less
developed areas may be as productive in the future and haven’t been tested yet. Well yields were
plotted (Appendix B).
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2.3 Groundwater Flow System

2.3.1 Average Groundwater Levels
» Figure 8: Water table elevation and assumed flow
~_on - directions: Gabriola Island.
le.l" L\ :\':4 (note: detailed maps are in Appendix B)

" ™ . Water levels measured in wells can be used to
<= 3 determine the direction of groundwater flow and to
& . identify the presence of separate aquifers. The water
3 <N o ﬁ 1 table surface in an unconfined aquifer is a very

£ h'gl \| % important component of the whole flow system. Its
7\ : } ‘L 3\-“ vy shape can assist with the interpretation of the overall
o Sl W flow system and determine the directions of

groundwater flow.

As part of this assessment, all available water level data were reviewed and an interpretation made
of the water table surface. The water table surface was approximated using water levels in
residential wells, existing observation wells on Gabriola Island, lakes, and ocean shores (Figure 8).
The hydrogeological units and geology were considered in areas without measurements, where the
water table surface had to be estimated. More detailed maps are presented in Appendix B.

The water table on Gabriola is generally similar in shape to topography, as interpreted in previous
reports. At most locations the water table is 3 to 10 metres below ground, but there are some areas
where it is deeper. In some locations along the northeast and southwest sides of the island, where
the folded geological units are relatively higher in elevation, depth to water can generally be greater
than 20 metres and, in some locations, up to 50 metres. These locations are typically topographically
high (e.g., such as the top of cliffs) where wells are often deeper and show different, and lower,
water levels than nearby, relatively shallower wells. Along the shoreline, the water table is close to
sea level. At the northwest and southeast ends of the island, where the ground elevation is typically
lower and there are many bays and peninsulas, water levels are often only a few metres or less
above sea level. While these generalizations are reasonable at the scale of the island, the actual
water levels are more complicated at a small scale, possibly indicating the presence of isolated
perched water tables, but these are not likely to be very extensive.

The Spray Formation mudstone layer appears to contribute to holding up the water table at the
higher elevation island centre, similar to a bowl of water that overflows and leaks (Figure 9). Most
water wells in the central part of island do not penetrate below the Spray Mudstone so the water
levels are only indicative of conditions above and in the Spray Mudstone. There might be a different
water level in some places in the Geoffrey Sandstone that underlies the Spray Mudstone, especially
near cliffs along shores. There are some small lakes and ponds in valleys where the Spray
Mudstone is at the ground surface and below the valley (e.g., Hoggan Lake).
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Figure 9: Cross-section of the Gabriola Island showing water table, water wells, and geological units.

The same general patterns are observed on Mudge and DeCourcy islands. The water table reflects
the topography, and depth to water is generally greatest near the center of the islands.

The water table interpretation is considered to be sound, but some errors are expected to occur due
to a number of factors:

The residential wells are clustered in more densely populated areas and are not evenly
distributed across the islands.

There are very few wells in the middle, in the uplands, of Gabriola Island.

Within the Ministry of Environment’s wells database, the largest source of error is inaccurate
positioning of wells recorded in the database. The water level was usually reported as depth
to water; therefore, an accurate elevation of the well collar is needed to calculate the water
elevation in a given well.

Water levels are probably not always stable when recorded, but are measured following the
drilling process but before the drilling influence has equilibrated (resulting in deeper water
levels) or water levels may be measured when a large water-bearing zone was encountered.

Water levels can also be affected by pumping of other nearby wells.

An average water table was fitted to all observations and anomalous levels were considered
carefully, and often the surface was shaped as an average of various measurements.
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2.3.2 Groundwater Flow

sea level
sea level

~ brackish old water at depth ~ ,

~ old sea water at large depth ~

Figure 10: Groundwater flow in conceptual model of Gabriola Island.

The typical directions of groundwater flow are from areas with high water level (high hydraulic head)
in the uplands to areas with low water level in valleys and along shorelines (low hydraulic head). The
actual three-dimensional movement of water is not really known because there isn't much data for
greater depths in Gabriola Island, but a reasonable flow pattern can be produced (Figure 10). There
might occur a faster flow of groundwater along the top of the Spray mudstone along the contact with
sandstone, and a slow downward flow perpendicular and across the Spray mudstone, except near
fault zones where flow is faster. Flow is likely to also occur along the syncline axis.

At the base of the Geoffrey sandstone, flow might be preferable along the top of Northumberland
mudstone. Within the Northumberland mudstone, flow is likely to be towards the ocean shores or
ocean bed; perhaps in a slightly upward direction near shores because of the orientation of this unit
and the presence of clay interbeds.

Complicating the flow pattern in three dimensions is the presence of sea water around the islands,
and presence of salt or brackish water at some depth under the islands (Figure 11). Fresh
groundwater flow occurs within a volume of water within the rock, often called the freshwater “lens”
because of its theoretical shape under oceanic islands. The freshwater floats on top of salt water
because of the water density difference (it is analogous to an iceberg floating in seawater). The
presence of the fresh-seawater boundary deflects the groundwater flow along this boundary because
fresh and salt water do not mix readily. There are aquitard layers of clay and mudstone that change
the flow directions further to flow more parallel to those less permeable layers. The position of
freshwater-saltwater boundary may be shifted further out to sea in some places because of aquitard
layers, or it may be shifted inland because of active pumping in an aquifer.
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Land surface Figure 11: Freshwater-saltwater boundary and
Welormpe flow directions.

(modified from USGS drawing — see Appendix C)

The shape of the freshwater-saltwater boundary is
not observed directly because only some wells near
, shores have brackish water due to saltwater
¢: intrusion, and wells in the middle of island are not

/ deep enough to reach this boundary. The deepest

S water wells on Gabriola Island are less than 200
metres deep, and it is unlikely that an island water
. supply well will ever extend to a depth of hundreds
of metres. There are no deep wells with measurements of salinity, and the position of freshwater-
saltwater interface at depth below Gabriola Island is not well known.

freshwater “lens”

Freshwater

At present, seasonal changes in the water table level and daily changes in sea level cause the
position of the freshwater-saltwater boundary to shift very slightly. During tides, this movement is
relatively small because there is not enough time during tidal cycle oscillation for large quantities of
water to flow. Appendix B contains a map of the water table and identifies locations where saltwater
intrusion has been observed in the past.

2.3.3 Depth of Freshwater Lens

Under natural conditions the height of the water table above sea level determines the thickness of
the freshwater lens under the island. The boundary of fresh and salt water is usually steep along the
shore, close to vertical, and it begins to curve inland at larger depths. Only near the shore is the
depth of salt water relatively shallow, and the depth of fresh water generally increases rapidly away
from shoreline. The theoretical depth of the freshwater lens under Gabriola, Mudge, and DeCourcy
islands was calculated using a formula described in Appendix B.

The calculated depth of fresh water under Gabriola Island is very large because the average water
table is high above sea level for an island of this size. However, it is likely that old salt water or brine
exists at some depth less than this. There may be old sea water at some depth below Gabriola
Island that has not been flushed out by fresh water yet or the bottom part of the freshwater lens may
be heavily mineralized and not useful for drinking water supply. There are no observations and no
deep wells to confirm the depth and quality of the freshwater lens under Gabriola, Mudge, and
DeCourcy Islands.

Over the last 12,000 years there have been large sea level changes on the coast of British Columbia
caused by glaciation and deglaciation and melt of ice. These relative changes in sea level caused
sea water to intrude and saturate the aquifer relatively rapidly, as suggested by computer
simulations of numerical models of Saturna Island on the Gulf Islands through a study done at Simon
Fraser University. Where the Gulf Islands’ coastlines were submerged in the past by sea water after
a sea level rise, it took between 500 and 1000 years to saturate the aquifer with salt water. Following
a relative drop in sea level, fresh recharge from rainfall caused a reformation of a freshwater volume
and the present conditions were achieved slowly. The shallow hydrogeological system is most likely
in a “steady-state” condition and only small cyclical changes are occurring.
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2.4 Seasonal Groundwater Level Variation

Figure 13: Provincial observation wells on
Gabriola Island.

(photo: Gabriolan.ca, BC MOE)
(note: Appendix B contains Provincial observation well details)

Currently there are four active Provincial
observation wells on Gabriola Island on
managed jointly by the Ministry of Environment
and the Ministry of Forests, Lands and Natural
‘4 Resource Operations (map in Figure 12 and a
photo Figure 13). These observation points
provide frequent water level measurements that
can be used to see how water levels vary during
different seasons. There are also records from
three de-activated observation wells. No
observation wells are present on Mudge and
DeCourcy Islands.

At all Provincial observation wells, the water levels have a seasonal cycle (see Appendix B for
graphs), which is clearly related to seasonal precipitation. The lowest water levels occur at the end of
summer and the highest water levels occur in autumn and winter when rainfall is abundant. The
magnitude of seasonal water level variation is relatively small, typically less than 4 metres from
minimum to maximum, and only 1.5 to 2 metres at some wells.

The changes in water levels are closely related to sustained weekly or monthly precipitation and/or
dry periods. Water levels only respond to intermittent daily precipitation if the rain events are very
large. Water level change is remarkably small compared to the amount of precipitation falling on the
island. Water level rise typically lags behind the onset of autumn rain events from about 5 to 10
days.

There is a small amount of variation in water levels between different years: less than one metre. At
Well 194, the mean water level was steady from 1973 to 1985, then declined slightly by less than
one metre for next 10 years, and remained approximately the same until present, but since about
year 2000 the summer minimum water levels have dropped about an additional 0.5 metre lower than
in previous years. At other wells, the trends are different. At well 197 the mean water level has
been more variable and there appears to be a shift in the recorder after year 2003. In well 196, the
mean water level has been slightly increasing (by less than 0.5m)over the years since 1997. Well
316 has a much shorter record and does not show any consistent trends, just inter-annual variation.
Well 317 also does not show any strong trends, but only about 10 years of data are available
between 1992 and 2006. Overall, the long term trends are inconsistent between the Provincial
observation wells so there is no strong suggestion of any long-term change on Gabriola Island as a
whole. There is variability, but it appears to be small.
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2.4.2 Seasonal Change in Volume of Stored Groundwater
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Figure 14: Conceptual drawing describing seasonal change in groundwater level observed on
Gabriola Island at a well in fractured rock and stepped water table.

The seasonal change in groundwater volume was estimated for Gabriola, Mudge, and DeCourcy
Islands. The average seasonal groundwater fluctuation was used, together with an assumed
“reasonable” storage property of the aquifer and the area of each island. The upper estimate is
approximately 2 million cubic metres, assuming a fairly high specific yield of fractured rocks (0.01)
and a 4 metre annual water level variation everywhere. However; the specific yield is not known and
could be much smaller. The lower (“conservative” from water management perspective) estimate
seasonal change in water volume in aquifer is about 200 thousand cubic metres of water.

The volume of seasonal change in water in aquifer on Mudge and DeCourcy Islands was estimated
using similar assumptions as for Gabriola Island, but because of much smaller areas of Mudge and
DeCourcy Islands, the volume is much smaller. The upper estimate is about 80 to 90 thousand
cubic metres of water. The lower estimate is about one tenth of that value .

These seem like large numbers, but when expressed as depth of water and percentage of annual
precipitation falling on those islands, the volumes are quite small. The most conservative recharge
rate on Gabriola Island is 10% and the volume of water recharging the aquifer annually is almost 5
million cubic metres. The high recharge estimate of 45% results is over 20 million cubic metres of
water per year. However, most of the water falling on the islands runs off to the sea or evaporates,
and of the infiltrated water which recharges the aquifer, much of it also quickly discharges to the sea
and is not captured by pumping wells and cannot be stored.
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2.5

2.51

Groundwater Recharge and Discharge

On islands surrounded by sea water, such as Gabriola, Mudge, and DeCourcy, groundwater
recharge occurs only from precipitation that falls on the islands and not from any lateral flow from
other land areas across the sea channels. This is widely recognized in observations and theory of
groundwater flow in this geographic setting. Although precipitation is measured directly by rain
gauges, the water that infiltrates to fractured rock aquifer is not measured directly by any
instruments, only indirectly through observations of water level changes over time or through
numerical groundwater flow models. Recharge is variable in space and may be low in some areas
and much higher in other areas.

The fractured rock aquifers are transmissive enough to fill and drain rapidly, but in its “drained state”
at the end of the summer season, the water table remains relatively high and not far below the
ground surface. There is only a small variation in the water level over the seasons, so the low and
high water level is very similar in terms of water elevation. For example, a well situated away from
shore has water table elevation of 70m above sea level, and the variation of water table from
summer to winter is only a few metres. That represents less than 5% of seasonal variation in water
table elevation. Individual rain events also cause a rapid but relatively small change in water levels.
After large rain events, the water table level increases quickly until it reaches a point where
groundwater outflow balances the recharge inflow. The drainage might be occurring along bedding
planes of large and small mudstone interbeds within sandstone or on top of the large mudstone units
such as the Spray Formation. The overall shape of the water table resembles the ground
topography and it does not change very much over the year.

Surface Water on Gabriola Island

There is a significant amount of surface runoff during the rainy season on Gabriola Island. Following
each rain event and resulting quick rise in water level, groundwater discharge rates increase and
more groundwater seeps out to springs, surface streams, and ocean shores. The island is covered
with ephemeral creeks that flow for a period of only a week or two then dry up again until the next
rainy period. Many small streams drain into the subsurface (a few to 20 metres below ground), flow
through fractures, and discharge again at lower elevation as springs. Small springs feed the streams,
but most springs are ephemeral as well. Discharge to the sea may be completely hidden from view,
except where groundwater seeps from rock outcrops and onto shores. This would suggest that
runoff is much larger on Gabriola Island than previously estimated and that groundwater recharge
may be lower.

The largest surface water body on Gabriola Island is Hoggan Lake. Measurements of lake levels and
outflow contribute to the only known catchment scale runoff estimate on Gabriola Island. Runoff from
these data is estimated to be about 60% of annual precipitation. With a large evaporation rate for the Gulf
Islands region, the recharge rate is not expected to be very large on average.
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2.5.2 Estimating Groundwater Recharge from Precipitation

The annual recharge rate is the rain (and snowmelt) water which infilirates below soil and into the
fractured rock aquifer. Recharge supplies the groundwater which continuously flows through the
aquifer and discharges to the sea, springs, or pumping wells. The annual recharge rates were
expressed as a percentage of mean annual precipitation and were estimated using various methods
and reviewed (Appendix B). The recharge rate considered here was calculated from water level
fluctuation during large rain events. Results show that during the first prolonged rainy period in
autumn, the aquifer is recharged rapidly as a large proportion of the recharge is converted to
replenishment of aquifer storage (water level recovery).

During winter there is excess rainfall; however, this excess rainfall is not converted to increasing
groundwater levels as rainfall increases. The seasonal maximum water level has a definite range of
variation that is not related to how intense the rain storms are in autumn or winter. A wetter winter
does not result in significantly more groundwater storage in the following summer. More rain causes
more runoff to streams and springs and seepage of groundwater to the ocean also increases.

Recharge is very low during the dry season. A late onset of autumn rains or a very long dry period
does not result in significantly lower water levels in the aquifer because the natural drainage rate
slows down as water levels decrease. All that is needed is the first large rain period and then enough
rain events during winter to maintain the high water level, which is approximately 2 to 3 metres
above the annual minimum water level occurring during the dry period.

The analysis of water fluctuations on Gabriola Island showed (in Appendix B) that only a small
volume of infiltrated water from precipitation from large rain events is stored in the aquifer, causing a
change in water level. The recharge process is very dynamic and it must not only fill the rock
fractures to raise water levels, but also to maintain the natural discharge of groundwater to the sea.
The Gulf Islands, because of their small size and fractured rock properties, may receive a large
recharge rate but almost all of the recharged groundwater quickly discharges to the sea. Although
we cannot measure it, it is possible that as water demand increases over time due to population
increase, more and more of the available recharge will infiltrate and replenish the aquifer and less
and less will discharge to the sea. This might explain the observation that there are no significant
long term trends of water levels on Gabriola Island but clearly more and more pumping wells have
been drilled and used over the years.

The representative recharge-rate range for Gabriola and nearby islands is estimated to be between
10 and 25%. The lower value of 10% was estimated in various engineering studies on the Gulf
Islands and on the east coast of Vancouver Island in the rain shadow climatic zone. This value
assumes a low specific yield. 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 south-western B.C. The true recharge rate is not known and is assumed to be in the
selected range (of 10 to 25%).

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, whilst in lower permeability areas, it may be low.
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3 Water Budget
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Figure 15: Water budget sub-regions for Gabriola, Mudge, and DeCourcy islands, showing
simplified land use zoning and existing pumping wells (source: RDN, BC MOE).

The purpose of this water budget is to present estimates of the water demand and stress for each
watershed sub-region on Gabriola, Mudge, and DeCourcy Islands shown on Figure 15. The
sub-regions were updated for this report with the latest topographic map in 2012 obtained from the
Regional District of Nanaimo. The watershed regions are used to tabulate water use and availability
since 1978 and subsequent reports (see Appendix B for references).

The water budget was calculated for 12 months of an average year using average precipitation and
a range of recharge rates (10 to 25%). 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 this report.
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3.2 Estimation Method for Pumping Water Demand
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Figure 16: Water use type in sub-regions.

This study is designed as a simple accounting of groundwater recharge against residential,
commercial, and agricultural demand. Total annual and monthly water demands are the sum of
commercial, residential, and agricultural pumping withdrawals for each sub-region (see Figure 16).
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. Ina
preliminary assessment of the water budget, these estimates provide a reasonable approximation of
the water demands and water stresses for each sub-region.

Appendix D contains more information about water budget data and calculations.
Commercial pumping

Commercial pumping withdrawal was calculated by summing the water use values provided by a
survey given to commercial establishments. Commercial establishments include resorts,
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campgrounds, gas stations, restaurants, schools, churches, parks, shopping malls, multiple-unit
retirement “villages”, greenhouses, offices, and other business establishments. For non-reporting
establishments, water usage estimates were calculated using daily industrial water demands or were
extrapolated from values provided by reporting establishments. The calculations made using daily
water demands assumed that each establishment consistently used a maximum amount of water.

Residential pumping

Residences are defined here as detached houses on private properties, and include homes where
owners live in or rental properties. Residential pumping withdrawal was calculated by summing the
average monthly water use volumes for toilets, faucets, showers, dishwashers, clothes washers, and
outdoor gardening. These monthly water use values are calculated from survey data. The responses
of the 2012 survey are from 389 residential households on Gabriola Island, which represent 10.8%
of the 3,590 households on the island (Figure 16). Residential water conservation practices
described in this study were acquired from survey data, and may not reflect those in practice by the
entire Gabriola population. The number of completed questionnaires returned from regions of Mudge
Island, West Degnen, and Northumberland Channel is particularly low.

Agricultural pumping

Agricultural pumping was assessed from farm type and water licence information. Farms are
classified by three output types: crops, livestock, and mixed (crops and livestock). For farms that
produce only crops, water demands are calculated from irrigation data. Water use estimates for
livestock and mixed-output farms are extrapolated from survey data.

3.3 Water Demand Results

Figure 17: Monthly summer and winter
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commercial water use. Commercial establishments have the lowest water demand. Residential
demand is between the two, and farms have the highest demand.

Gabriola Island has a year-round population of 4,050, increasing to 6,000 in the summer months
because of tourists and seasonal residents. Gabriola residents who spend the entire year on the
island are very water conscious and employ practices to minimize their draw on groundwater.
Residential water demand increases during the summer because of the influx of tourists and
summer residents. Commercial water use increases during the summer months because many
businesses are seasonal and focussed on serving the tourists and summer residents and do not
operate at as high a capacity in the fall to spring months.

Monthly water demands are described in detail in Appendix D.

The quantities presented are in cubic metres of water. One cubic metre of water is a cube one
metre wide holding 1,000 litres, which weighs about one tonne.

3.3.1 Residential
S summer B Restofyear | S g e
18 season and rest of year.
S 16 -
S 14 -
2 1 The total annual residential water use in the whole water
€ 10 - budget region (all sub-regions on Gabriola, Mudge,
o g DeCourcy islands) is approximately 447,000 cubic metres.
S ¢ . Residential water use is the most strongly seasonal type of
- 4 - water use (Figure 18). The average monthly residential
5 _J:I ] water demand is typically three times greater in a summer
0 - | . | month than during other months, partly because of
9 @ 0 s 5 < population increase by 50% during the summer compared
%) § g '::vg fg g to winter, and partly as result of greater demand for
. & § E E © outdoor gardening. The total monthly summer residential
3 & % water use is 212,000 cubic metres (during 3 months) and
gj [®) the total monthly winter residential water use is 235,000
% cubic metres (during 9 months). Almost as much water is
Z Residential Water Use Type used during the summer months as during the rest of the

year.

In all residential responses, of the tot