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1. Introduction 
 

1.1. Background 
 
Groundwater constitutes a vital resource on the Gulf Islands, British Columbia. 
Understanding its origin and rate of movement, estimating the amount recharged 
annually and the location of major recharge areas, and trying to predict in some 
quantitative fashion the volume of groundwater that can be extracted without 
causing significant detrimental environmental consequences, are central issues 
to long-term planning, protection and management of groundwater resources. 
Predictive tools, such as analytical and numerical modelling can facilitate these 
quantitative assessments. However, in order to undertake modelling, it is 
important to develop conceptual models for groundwater flow in the area of 
interest. A major component of a conceptual model includes estimating the 
hydraulic properties of the aquifer. 
 
Hydraulic test data obtained from constant discharge testing, recovery testing 
and step discharge testing of water wells, are routinely used by the groundwater 
industry to estimate the hydraulic properties of aquifers. These properties 
describe both the hydraulic conductance (hydraulic conductivity, K) of an aquifer 
(i.e., how rapidly water is transmitted) and how much water can be potentially 
stored in the voids and fractures that make up the rock matrix (specific storage, 
Ss). Reliable estimates of an aquifer’s hydraulic properties are routinely used to 
predict the long-term capacity of an aquifer. 
 
Standard analytical methods of analysis for pump test / aquifer test include the 
Theis and Cooper-Jacob methods of analysis for unsteady flow in confined 
aquifers (Theis, 1935; Cooper and Jacob, 1946), the Hantush-Jacob method for 
unsteady flow in leaky aquifers (Hantush and Jacob, 1955), and the Neuman 
method for unsteady flow in unconfined aquifers (Neuman, 1972). Each 
analytical method has its specific limitations, and should be used only when the 
assumptions inherent to the model are valid for the aquifer being characterized. 
Frequently, it is difficult to identify accurately the limiting conditions present at a 
site that may serve to partially or completely invalidate a particular analytical 
method. These include the presence of fractures, heterogeneities in the aquifer 
matrix, sources of constant head such as rivers and streams that are in hydraulic 
connection with the aquifer, and subsurface boundaries such as geological 
contacts. When present, these conditions contribute to “irregularities” in the 
aquifer that ultimately lead to departures from ideal conditions upon which the 
analytical methods are based. The use of these methods in fractured rock media 
presents a challenge as the test data rarely exhibit radial flow.  
 
Allen (1999) undertook an analysis of the available test data collected at various 
bedrock aquifer sites across the province of British Columbia. That research 
demonstrated that linear flow models (e.g., Gringarten and Ramey, 1974; 
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Gringarten et al., 1975; Gringarten and Witherspoon, 1972) are more appropriate 
for analysis in many fractured rock environments in British Columbia. In addition, 
the use of the derivative method (Spane and Wurstner, 1993) facilitated the 
identification of the various flow periods (radial and linear) and helped to direct 
attention to the time period over which each type of analytical model might be 
applied with greater confidence.  
 
At the conclusion of that study, Allen (1999) recommended that more detailed 
studies be undertaken to characterize both the geology and hydrogeology at 
selected sites in order to gain a more complete understanding of the potential 
hydraulic controls during testing and to verify the likely causes of the hydraulic 
responses that were measured. 
 

1.2. Purpose and Objectives 
 
The BC Ministry of Water, Land and Air Protection (formerly the Ministry of 
Environment, Lands and Parks: Groundwater Section) provided funding to Simon 
Fraser University (Dr. D.M. Allen) to undertake a research project that would 
focus on conducting a more detailed analysis of the available hydraulic test data 
for the Gulf Islands. The primary objective of the research was to provide a range 
of hydraulic properties for the Nanaimo Group sedimentary rock aquifers and to 
interpret that range of data within the context of the lithologic and structural data 
at each site. These hydraulic property values could be later used in numerical / 
analytical models for groundwater management purposes. 
 
The research project had the following specific objectives: 
 

1. To analyze available hydraulic test data using the standard protocols 
described in Allen (1999); 

2. To document (map) the bedrock lithology (geologic formation) and 
structure information at each test site; 

3. To summarize the test data for each lithology type (where possible) and 
arrive at a range of properties for the Gulf Islands aquifers; and 

4. To identify and associate potential lithology/structure controls of the on the 
observed hydraulic test responses.  

 

1.3. Scope of Work 
 
The scope of work for the project included: 
 

1. Entering additional hydraulic test data into separate excel spreadsheet 
files. The spreadsheet format was the same as that used in previous work 
(Allen, 1999). 
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2. Estimating transmissivity (T) and storativity (S) from pumping tests for new 
datasets according to the methodologies reported in Allen (1999). 
Datasets that had been previously analyzed in Allen (1999) would not be 
re-analyzed, but would be interpreted as per work items 2 through 6.  

3. Reviewing the local geology (site scale), well completion details, and any 
other available information (e.g., borehole geophysics and surface EM 
geophysics for sites on Saturna) that may help to define the site geology. 

4. Using an aerial photograph as a basemap, overlaying formation contacts, 
mapped structural features and structural features inferred from a 
lineament analysis (airphoto). These site maps will be used to interpret the 
hydraulic test data.  

5. Undertaking a critical assessment of the hydraulic properties calculated at 
each site with respect to the local hydrogeological conditions, and 
providing a range of hydraulic property estimates. 

6. Attempting to identify the primary hydrogeological controlling factors on 
the hydraulic responses measured at all the sites (i.e., relation to geology, 
fracture zone proximity if possible). 

7. Completing a final report to document this work as well as providing a 
digital database of the hydraulic test data and interpretations. 

 
 

1.4. Project Details and Personnel 
 
The project involved data entry, graphing and interpretation of well test data, and 
reviewing the consulting reports for details concerning well construction, local 
geology, structure, etc. This work was undertaken under the direct supervision of 
Dr. Diana Allen in the Department of Earth Sciences at Simon Fraser University. 
The work was largely completed during the summer research semester with two 
students hired as research assistants. However, analysis of the data extended 
into the fall semester. The undergraduate research student, Trevor Bishop, 
entered hydraulic test data, undertook the lineament analysis and constructed 
the site geologic maps. The graduate student, Emilia Liteanu, analyzed the 
hydraulic test data according to the methodology outlined in Allen (1999), 
summarized the data, and provided input on the interpretation. Data for two test 
sites were entered and analyzed by M. Wei at the BC Ministry of Water, Land 
and Air Protection. The analyses and interpretations of these two datasets was 
reviewed by Dr. Allen. Data and interpretation of fracture measurements and the 
structural geology of the southern Gulf Islands were contributed by Daniel 
Mackie, a recent M.Sc. graduate of SFU, and sections of the geological 
background are derived from Mackie (2002). Preparation of this technical report 
was undertaken by Dr. Allen. Computer facilities and software were provided by 
Simon Fraser University (Dr. Allen’s research facility).  
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1.5. Format of the Report 
 
This report includes an overview of the methodologies that were employed in this 
study and summarizes the results and interpretations of the test data. Section 1 
is the introduction to the report. Section 2 includes a description of the geology 
and hydrogeology of Gulf Islands as summarized by previous research reports 
and scientific papers. Section 3 provides an overview of the datasets and 
summarizes the methodologies used to interpret the hydraulic test data and the 
results. Much of the detail on the analytical methods used for this study are 
presented elsewhere (Allen, 1999). Section 4 provides the site maps and briefly 
discusses the test data obtained at each site. Section 5 provides a summary of 
the range of hydraulic properties. Section 6 offers conclusions and 
recommendations. 
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2. Geology of the Gulf Islands 
 
The Gulf Islands are a group of 40+ islands situated within the Strait of Georgia 
east of Vancouver Island, in southwestern British Columbia, Canada. The 
southern Gulf Islands, for which most of data are available, are shown in Figure 
1.  The islands range in area from ~1-75 km2 and are characterized by a 
generally northwest–southeast trend and elongation defined by linear ridges and 
valleys.  Elevations range from 100 to 200 metres, reaching a maximum of about 
350 metres on Saltspring Island. Coastlines are typically rocky, with either long 
expanses of low relief bedrock sloping shallowly into the ocean or, alternatively, 
steep cliffs and narrow rocky beaches.  
 
Rocks of two general types underlie the southern Gulf Islands: Paleozoic to 
Jurassic arc-related igneous and sedimentary rocks, and Upper Cretaceous 
marine sedimentary rocks (Figure 1). Arc-related rocks of the Wrangellia Terrane 
are present locally on Saltspring Island as fault-bounded wedges structurally 
juxtaposed with sedimentary rocks of the Upper Cretaceous Nanaimo Group, 
and as “basement” unconformably overlain by the Nanaimo Group.  The Upper 
Cretaceous Nanaimo group comprises the majority of bedrock of the Gulf 
Islands, and consequently, the majority of the water-bearing units on the islands. 
Therefore, this research addresses specifically these rocks. Unconsolidated 
deposits, of dominantly glacial and/or marine origin do not constitute a 
volumetrically significant percentage of the exposed geology on any of the 
islands.  The thickest deposits occur in lowlands between ridges where they may 
reach 30m (Hodge, 1995).  Over a majority of the islands, cover has been eroded 
down to, or nearly down to, bedrock.   
 

2.1. Stratigraphy and Lithology of the Nanaimo Group 
 
The Nanaimo Group is a dominantly deep marine sedimentary sequence as 
recorded in the formation / stratigraphic legend in Figure 2. Eleven conformable 
lithostratigraphic formations have been identified and mapped in the region, and 
these are interpreted as dominantly submarine fan deposits. Rare shallow to 
marginal marine facies occur on Saltspring Island (Comox Formation) and 
Pender Island (Extension Formation), but these form only a very minor part of the 
study area.   
 
The sequence is up to 4 km thick and comprises conformable and laterally 
intertonguing successions of sandstone and conglomerate formations separated 
by mudstone and siltstone formations. As such, the Nanaimo Group formations 
do not represent a true "layer cake" stratigraphy, but are composed of laterally 
thickening and thinning units with both conformable and sharp, erosive contacts.  
Figure 1 (originally from Mustard, 1994) is a bedrock map for the Gulf Islands 
and shows the variable surface exposure of the 11 formations.  
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Figure 2.1: Geology map of southern Gulf Islands (from Mackie, 2000 as 
modified from Mustard, 1994).  
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Figure 2.2: Nanaimo Group Stratigraphy and Geologic Map Legend (From 
Mackie, 2000 as modified from Mustard, 1994).  
 
 

2.2. Structure 
 
The Gulf Islands are characterized by northwest trending, generally linear ridges 
up to 250 metres in elevation that are separated by lowlands. Ridges are 
commonly asymmetric with gently dipping northeast-east dip-slopes and more 
steeply dipping southwest-west facing slopes. Slopes are generally continuous 
from ridge to shoreline along their northwest-southeast strike. Along the 
coastlines, lowlands are exposed primarily on the northwest and southeast ends 
of the islands.  
 
Structurally, the outer Gulf Islands are characterized by gentle folds with bedding 
that dips in the range of 5-15 degrees. Only the northern and southern-most 

Generalized 
Stratigraphy

G a b r i o l a

S p r a y

G e o f f r e y

H a s l a m
C o m o x

D e C o u r c y

P r o t e c t i o n

P e n d e r
E x t e n s i o n

N o r t h u m b e r l a n d

C e d a r D i s t r i c t

M a a s t r i c h t i a n

C
am

p
an

ia
n

U p p e r

L o w e r

S a n t o n i a n

T u r o n i a n

S t a g eM a

7 1

8 3

9 3

8 6

6 5

8 9

?

?

Map
Legend



 10

islands, Gabriola and Saturna respectively, expose gentle folds, while Mayne, 
Galiano and Valdes are homoclinal, with beds dipping to the northeast. 
 
The present distribution of Nanaimo Group formations is the result of multiple 
regional deformational events. The most recent interpretation of the 
deformational history is described fully in Journeay and Morrison (1999).  
Additionally, the outer Gulf Islands have undergone glacio-isostatic deformation 
in response to multiple Quaternary glaciations (Clague, 1983), which have 
resulted in up to 100’s of feet of vertical isostatic rebound. 
 
Mackie (2000) summarized the results of a detailed fracture mapping study on 
the southern Gulf Islands in which fracture data were collected from 157 stations 
incorporating all formations of the Nanaimo Group (with the exception of the 
basal Comox Formation), and spanning all of the 8 southern Gulf Islands. Over 
8000 measurements of fractures were made.  Generally, stations were chosen to 
minimize bias that may have resulted from orientation of coastline exposures, 
and when possible, different stations were located on mutually perpendicular 
coastline exposures.   
 
A linear scan-line technique was used, in which data are collected in trace form, 
that is, the intersection of the fracture surface with the outcrop surface. The 
method provides fracture distributions in 1-D only. It is widely recognized that 
fracture sets measured on outcrop surfaces in most cases do not completely 
characterize their distribution in three dimensions, specifically, into the 
subsurface (Mauldon et al., 2001). However, in the absence of drill core data or 
other borehole imaging methods (i.e., acoustic televiewer  logs), which can 
provide point measurements that may be used to estimate local fracture 
densities, fracture measurements taken at the surface are used as a proxy for 
the subsurface.  
 

2.2.1. Fracture Classes 
 
Fractures were separated into 3 classes based on characteristics other than 
orientation (Mackie, 2000).  The classes are listed here in order of decreasing 
abundance: 
 

1. Bedding perpendicular joints – ubiquitous across all islands and 
formations.  Orientations cluster at NE-SW, N-S and E-W azimuths, with 
NE-SW being the most numerous.  Joints can be both mineralized and 
non-mineralized. 

 
2. Shear fractures – show a high variation in orientation, but as individual 

types (i.e. reverse or normal) tend to cluster. Reverse fractures tend to be 
oriented NW-SE and normal separation fractures dominantly NE-SW.  
Large-scale strike-slip structures were not identified on the outer islands.  
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3. Deformation bands – as defined by Aydin (1978) are thin (~1mm) semi-

brittle shear zones that accommodate fault offset.  These structures are 
formed by an initial collapse of pore space followed by grain-scale 
fracturing that occurs as grain boundaries intersect. Deformation bands on 
the Gulf Islands are interpreted based on morphology and cross-cutting 
relationships to have formed during earlier tectonic phases. 

 
4. Low angle fractures were identified at multiple stations and at this point 

are not categorized in one of the above classes.  These low-dip fractures 
are enigmatic in terms of formation, but may be related to isostatic 
rebound following Quaternary deglaciation, or uplift of the Coast Plutonic 
Complex.    

 
 

2.2.2. Fracture Distributions 
 
Both chain map and outcrop analyses indicate that the distribution of fractures, 
defined by spacing between fractures, is not spatially or lithologically 
homogenous. Fracture density, measured as number of fractures per metre 
chain length, varies both in relation to structural setting, especially with relation to 
large faults and in joint zones, and with changes in lithology.   
 
Variation of fracture density with proximity to faults is common (Caine et al, 
1996).  On the Gulf Islands it was found that fracture density tends to increase by 
at least a factor of ten in the presence of a regional-scale fault (Mackie, 2002). 
Lithology appears to affect density as zones of high fracture density are 
dominantly in sandstone, while fracture density does not increase so dramatically 
in faults that cut mudstone-dominated units. 
 
Bedding perpendicular joints, found at all stations, vary in density both within a 
specific lithology/formation and between lithologies. Variation between lithologies 
is interpreted to be an effect of bedding thickness, a well documented process 
(Suppe, 1985). Lithology in the Nanaimo Group varies in grain size both between 
and within formations. Sandstone-dominated formations (e.g. Gabriola – 
dominantly massive sandstone) are characteristically structureless and can attain 
thicknesses of 100s of meters with only minor fine grained interbeds. Silts and 
muds dominate mudstone formations (e.g., Spray Formation) with significantly 
lower bed thickness, on the scale of centimeters or millimeters. Higher joint 
densities were observed in mudstone-dominated units (Mackie, 2002).  
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2.3. Hydrogeology of the Gulf Islands 
 
The hydrogeology of the Gulf Islands, which encompasses the topographic 
driving forces, the presence of the saltwater interface along the shorelines, and 
the nature of the permeability and storage parameters for the rocks is controlled 
not only by the climate and physiography of the region, which control the driving 
forces for fluid flow, but also the lithology and geologic structure of the islands, 
which control the distribution of the hydraulic properties. Specifically, these two 
factors will be important considerations for the interpretation of the hydraulic 
properties of the aquifers that are derived from hydraulic testing.  
 
Extensive regional geologic studies on the sedimentology and stratigraphy of the 
Nanaimo Group have been completed (e.g., Mustard, 1994). This work is 
complemented by detailed investigations of the stratigraphy on selected islands 
(e.g., Hornby Island by Katnick, 2000). There have been limited studies that 
address the issue of the geologic controls (specific to the lithology and structure) 
on the hydrogeology. However, the recent work by Mackie (2000) does provide 
insight into the potential structural controls of the fractures on groundwater flow.  
 
In addition, borehole and surface geophysical methods have also been used to 
examine subsurface fracture distributions and the continuity of faults and fracture 
zones, and to infer their potential role in creating pathways for saltwater intrusion 
at the site scale (Allen et al., 2002). The Geological Survey of Canada in 
collaboration with Dr. D. Allen (SFU) is currently conducting research to 
assemble a geologic / hydrogeologic database for the islands that can be used to 
address issues pertaining to the lithologic and structural controls on groundwater 
at a regional scale. 
 

2.4. Bedrock Aquifers 
 
As noted earlier, water wells on the Gulf Islands are dominantly drilled into 
bedrock of the Upper Cretaceous Nanaimo Group.  Past investigations into the 
distribution of water resources (e.g., Hodge, 1985; Dakin et al., 1983) and drilling 
reports concluded that water is derived primarily from fractures as secondary 
permeability, reflecting the low primary porosity and permeability of the bedrock.  
All lithologies are highly cemented, dominantly by calcite, with porosity in outcrop 
averaging about 5% (England, 1990), and driller’s logs and hydrogeologic reports 
(Hodge, 1995) support this finding indicating that water is available primarily from 
fractures. 
 
Data and map analysis (Mackie, 2002) allows for distinction of at least three 
important structural features affecting groundwater flow: lithologically controlled 
joint density, discrete faults and fault/fracture zones.  
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2.4.1. Lithology and Joint Density 
 
Based on the density of fractures (joints) measured in the different lithologies, 
mudstone- and sandstone-dominated formations can be separated into different 
hydrogeologic units.  The higher density of joints in fine-grained thinly-bedded  
formations suggest that the mudstone-dominant units may have a higher 
permeability, and therefore, may act as aquifers. In contrast, the sandstone-
dominated formations, with much lower fracture densities, may act more as 
impermeable blocks with significantly more widely spaced, discrete flow zones or 
pathways.  
 
In this respect, intra-formation heterogeneity, in the form of fine grain interbeds 
within coarse grain formations, may create pockets of more highly fractured rock, 
which, if connected to a recharge zone, may form an “intra-formation” aquifer. 
Similarly, at the contacts between formations, where there is transitional bedding, 
there may be enhanced permeability. For example, a qualitative analysis of 
numerous well logs from the BC Water Well Database indicates a possible 
positive correlation between lithology and well yield; with mudstone interbeds 
constituting a larger percentage of water bearing zones.  
  
Joints hosted in all formations are anticipated to act as discrete flow paths, but if 
the density of jointing is sufficiently high, the medium may be considered as an 
equivalent porous medium (EPM) at some representative scale.   

2.4.2. Discrete faults 
 
Many mesoscale faults were identified on the islands that may represent discrete 
flow paths or narrow (meter-scale) flow zones. These small structures have 
variable offset up to approximately 5 metres and only minor changes in fracture 
density associated with them.  The structures are not visible on 1:75,000 scale 
airphotos or on a DEM (digital elevation model).  
 
Flow along these structures, if the do not act as hydraulic barriers, is interpreted 
to be more like a discrete path or conduit, and may be of a relatively short length, 
perhaps up to 10’s of meters maximum. As well, these structures cross-cut all 
formations and are considered to represent a separate level in a hierarchy of 
structure-controlled flow. However, it is hypothesized that discrete faults, which 
tend to be older than lineament-scale fracture zones described below, may not 
have as significant an effect on groundwater flow at the island scale, but may be 
important at the local scale. 
 
Deformation bands may be grouped with discrete faults and fractures, but as 
these structures tend to cause a decrease in formation porosity, and the bedrock 
is already a low porosity medium, there is not hypothesized to be a significant 
effect on water flow from these structures. 
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2.4.3. Fault / Fracture Zones   
 
Structures visible at the 1:75,000 (regional scale) can be characterized on the 
ground as fracture zones up to 10’s of meters in width. Regional scale faults 
have related zones of fracturing that possibly extend 10’s of meters into the 
surrounding host rock. These structures are often identified by lineaments that 
are zones of high weathering or ridges (e.g. Harris Fault on Saturna Island). 
 
From a hydrogeologic perspective fault and fracture zones can likely be 
represented at the regional scale as high permeability EPMs due to their high 
density and width of fracturing. These larger fracture zone structures are 
interpreted to have a significant effect on groundwater flow, particularly at the 
regional scale.   
 

2.4.4. Implications of Structure on Hydrogeologic Models 
 
The implications of having an aquifer system that is dominated by low primary 
porosity/permeability and that has a network of superimposed fractures that 
provides secondary permeability are four-fold: 
 

1. to increase the complexity of the hydrogeologic model,  
2. to observe some consistency in hydraulic properties between different 

lithology types, and furthermore, to find evidence that where mudstone-
interbeds are present, such as at the contacts between formations, that 
the rocks may be more permeable due to the higher joint density of the 
thinly bedded units, 

3. to require consideration of the scale of the investigation, and  
4. to question the validity of applying methods of interpretation and models 

that are meant to apply to porous media.  
 
With respect to point 1, a conceptual model based on the concept of 
hydrostratigraphy may not be valid because the hydrogeology is more controlled 
by structure than it is by its lithology and stratigraphy. In this respect, a 
hydrostructural domain model (Mackie et al., 2002) may be more appropriate, 
whereby permeability varies according to a structurally-controlled hierarchy as 
illustrated in Figure 3.  
 
With respect to point 2, the two main types of lithologies on the Gulf Islands (i.e., 
mudstone- and sandstone-dominated formations) appear to have fairly consistent 
joint characteristics in each type. Therefore, across the islands, it may be 
possible to characterize these as EPMs with different hydraulic properties at an 
appropriate scale. If the joint density in the thinly-bedded mudstone units is 
consistently higher, particularly at the transition zone between formations, then 
perhaps the hydraulic properties that are calculated in the different formations will 
reflect the structural differences. Specifically, thinly–bedded mudstone formations 
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should provide higher estimates of T and S. Massive mudstones however, may 
not display the higher joint density. 
 
 

 
Figure 2.3: Conceptual Hydrostructural Domain Model (from Mackie, 2002) 
 
 
With respect to point 3, because fracturing occurs at a variety of scales, and 
there is a hierarchy of fracture types superimposed on the different lithologic 
units, the scale of investigation will be important to consider when interpreting 
data. Fractures may themselves act as EPMs or as discrete fractures depending 
on the scale of investigation. For a regional study, larger-scale features such as 
faults and fracture zones may dominate, and because of their large scale may be 
treated as EPMs. At the local scale however, such as would be the case in a 
pump test, the influence of local features, such as discrete fractures and bedding, 
may be important. Therefore, local-scale investigations should take into consider 
the local geology as much as possible.  
 
With respect to point 4, if EPM type models are appropriate at some scale, then 
field pump testing methods and the subsequent analysis of hydraulic test data 
may proceed using methods that are appropriate for EPM studies. 
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Notwithstanding, applying EPM models, such as Theis and Jacob, which are 
strictly-speaking only valid for confined aquifers with uniform properties, etc. will 
require strong justification. As indicated in the introduction to this report, 
alternative methods of analysis have been used successfully in the past to 
analyze data where major structural features, such as faults and fracture zones, 
are present within an EPM system.  
 
In the analysis that follows, each of these points will be considered during the 
evaluation of the hydraulic test data. 
 

2.5. Surfical Aquifers 
 
Surficial aquifers constitute only a minor source for potable water on the Gulf 
Islands, and water supplies are developed in the surficial materials in few cases. 
In addition, bedrock wells are typically cased through the surficial deposits in 
cases where a bedrock water supply is sought. Therefore, our work did not 
include an assessment of the hydraulic properties of the surficial deposits. 
Notwithstanding, the sedimentological and hydrogeological characteristics of 
these surficial deposits should not be disregarded in groundwater investigations 
as they may play a more significant role in determining the amount of recharge 
on the islands.  
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3. Analysis of Hydraulic Test Data 

3.1. Datasets 
 
Of the sites included in investigation conducted by Allen (1999), six were located 
on the Gulf Islands. These sites included a variety of single well tests and tests 
with observation wells as outlined in Table 3.1. The tests were all long-duration 
tests, meaning that they were longer than only a few hours.  
 
 
Table 3.1: Available hydraulic test data for the Gulf Islands. Site numbers from   
              Allen (1999) 

Site # Island Data available 
001 Mayne 1 single well with 3 observation wells 
003 Galiano 2 single well tests 
006 Denman 2 single well tests 
007 Galiano 2 tests with pumping wells and one 

observation well; 5 single well tests 
014 Pender 1 single well test 
015 Galiano 1 pumping well and 3 observation wells 

 
 
In addition to the test data listed in Table 3.1, several other test datasets were 
included in the current study. The BC Ministry of Water, Land and Air Protection 
supplied data from an additional two long-duration tests and 17 short-duration 
tests. Abbey (2000) undertook short-term hydraulic testing in several wells (some 
with observation wells) on Saturna Island (3 sites). Additional test data for 
Gabriola Island (2 testing programs at one site) and Galiano Island (1 site) were 
made available by Piteau Associates. In total, there are test data from 11 long-
duration tests and 20 short-durations tests, that include both single well and 
multiple well tests. 
 
Most of the original data were available in hard copy format, and had to be 
entered into the Excel Spreadsheet template1. Test data from Abbey (2000) and 
Piteau Associates were available in digital format.  
 
The original names of these files are confidential and the files were given new 
names in the form of numeric codes (001, 002 …..). The key to these file name 
codes can be found in Appendix 1.0. Site numbers are not consecutive owing to 
the fact that selected test data were retrieved from the previous study (Allen, 

                                                           
1 The Excel spreadsheet template was developed for the original project and is described in detail 
in Allen (1999).  
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1999)2 All Gulf Islands sites not previously included in Allen (1999) were 
assigned new site numbers. 
 
The name of the root (main) directory of the report is “WellsBC Gulf Islands”. In 
this root directory are two sub-directories, namely “Long Duration Tests” and 
“Short Duration Tests”. “Long Duration Tests” includes those test site data that 
were considered of long duration, meaning that the test length was greater than 
just a few hours. “Short Duration Tests” includes those test site data that were 
considered of short duration, or only a few hours. Table 3.2 subdivides the test 
sites into Long and Short Duration, both from the previous Wells BC study and 
the current study. The island on which the test was conducted is identified. 

Within each directory, there are several folders, identified according to the site 
number. Within each site folder, there are two main directories; one that contains 
the pumping test data, and one that contains the recovery data. (Note that 
several sites include data from multiple tests). Within each directory are the 
actual excel files that contain the analyzed test data. Also included in the main 
directory for each site are the site descriptions, test information, and relevant 
geologic figures.  

The format of a spreadsheet file name is written so as to clearly identify four 
attributes: 
1) the type of test conducted. The first three characters “ptd” stand for pump test 

data. The characters “rec” stand for recovery data; 
2) the type of well for which the data were acquired (i.e., Pumping well or 

Observation well), 
3) the file name code (e.g., 001), and 
4) the original well name assigned by the consultant (e.g., Well 9).  
 
 

3.2. MS Excel Spreadsheet Format 
 
The format of each MS Excel spreadsheet file is identical to that used in the 
previous WellsBC study (Allen, 1999). Each spreadsheet file represents one 
hydraulic test on one well and contains pertinent information, such as the date of 
test, type of well construction, equipment used for measuring drawdown and 
pumping rate, and observations noted by the consultants, in addition to the time 
and drawdown data (Figure 3.1).  

                                                           
2 As a matter of record of site numbers, Site 017 was assigned to a duplicate set of data as Site 
007. Consequently, Site 017 is eliminated from the record and is an un-used site number. . 
Consequently, Site 017 is eliminated from the record and is an un-used site number. 
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Table 3.2: Location and duration of tests on Gulf Islands 
 Site Location 

001 Mayne 
003 Galiano 
006 Danman 
007 Galiano 
014 Pender 
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015 Galiano 
018 Galiano 
019A Gabriola 
019B Gabriola 
039 Galiano 
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040 Pender 
020 Galiano 
021 Galiano 
022 Galiano 
023 Galiano 
024 Galiano 
025 Galiano 
026 Galiano 
027 Galiano 
028 Mayne 
029 Galiano 
030A Galiano 
030B Galiano 
031 Galiano 
032 Galiano 
033 Galiano 
034 Galiano 
035 Galiano 
036 Saturna 
037 Saturna 
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038 Saturna 
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Each spreadsheet consists of several pages, with labelled tabs at the bottom of 
the page corresponding to actual data, graphs, the derivative calculations, 
calculation for the hydraulic parameters and summary tables. One can navigate 
through the different spreadsheet pages by simply clicking on a tab. Arrows at 
the left-hand side of the labelled tabs at the bottom of the page, can be used to 
scroll though all sheets, including those that are hidden (only a few can be seen 
at a time). 

 
 
 
 
 
Figure 3.1: Data sheet containing pertinent well and hydraulic test information. 
 
Graphs were plotted to show drawdown versus time in both log-log and semi-log 
formats (Figures 3.2 and 3.3). Summary tables showing the relevant calculations 
and the hydraulic parameter were also generated (under Aquifer Properties Tab) 
(Figure 3.4). 
 
 

Click on the tabs to see the 
other sheets in this file. 
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Figure 3.2: Graph of hydraulic test data. Drawdown vs. time in log-log format. 
 
 
 

    
Figure 3.3: Graph of hydraulic test data. Drawdown vs. time in semi-log format. 
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The Derivative Analysis, originally described in Allen (1999) and summarized in 
Section 3.4.1 below was also used in this study. 
 
The recovery data spreadsheets contain the available recovery data for each well 
monitored. The assembly of the recovery spreadsheet is very similar to that for 
the constant discharge test data, therefore, no further discussion is provided 
here. 
 
 

 
 
 
 
 
 
Figure 3.4: Aquifer properties calculations and the T and S values. 
 
 

3.3. Analytical Methods  
 
There is no prototype model that is suitable for all fractured bedrock aquifers, 
because each aquifer is unique according to the extent to which fractures are 
developed. The nature of the fracturing is dictated by the tectonic setting of the 

Each box contains the hydraulic 
properties calculated using each 
method 
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area. As mentioned earlier, data from several long duration tests conducted on 
the Gulf Islands had been previously analyzed by Allen (1999) as part of a 
province-wide analysis of hydraulic test data. The analytical methods used to 
derive estimates of T and S for the aquifers in that study included: 
 

• Derivative method 

• Theis (for radial flow in confined aquifers) 

• Cooper-Jacob (for radial flow in confined aquifers) 

• Gringarten et al. (for linear flow observed in a pumping well near a vertical 

fracture in a confined aquifer) 

• Gringarten and Witherspoon (for linear flow observed in an observation 

well near a vertical fracture) 

• Warren –Root (for double porosity type flow in pumping wells) 

• Kazami et al. (for double porosity type flow in observation wells) 

• Neuman (for unconfined aquifers) 

• Theis Recovery (for confined aquifers) 
 
The data for that project did not clearly exhibit any readily identifiable trends 
when plotted either as the derivative of the drawdown versus time, or as log of 
drawdown versus the log of time, or as drawdown versus the log of time. Thus, it 
was important to establish a protocol that could be used for the analysis and 
interpretation of well test data. Accordingly, the same protocol is used in this 
study (refer to Section 3.4).  
 
For the Gulf Islands data, several analytical methods were used to analyze the 
hydraulic data obtained during both pumping and recovery tests in water wells. 
Because neither the Warren–Root method did not provide particularly good 
results in the previous study, and was in fact shown not to be valid (Allen, 1999), 
this particular method were not used in the current work3 
 
The Neuman method for unconfined flow had, in our previous study, shown to be 
applicable for some tests. We observed a flattening of the drawdown-time curve 
at mid to late times, which we attributed to unconfined flow. However, the 
                                                           
3 Warren-Root method was used to analyze a few long-duration tests, but the method was found 
not to be applicable. 
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response was not always clear. Therefore, in the current study, we will did not 
use the Neuman method, but recognize that the bedrock aquifers may respond 
similarly to unconfined aquifers, at least in some instances. 
 
Therefore, this study focused only on the application of the following analytical 
methods of analysis: 

• Derivative method (as a pre-processing method) 

• Theis  

• Cooper-Jacob 

• Gringarten et al. (pumping wells) and Gringarten and Witherspoon 
(observation wells) 

• Theis Recovery 
 

Not all of the methods were used for each well, as some were deemed 
inapplicable (this is discussed later). 

3.4. Analysis Protocol 
 
The analysis protocol involved three major steps: 

1. Interpret the derivative response in order to identify the radial flow period. 
2. Isolate the radial flow data and attempt to use only these when using the 

Theis and Cooper-Jacob methods.  
3. For those tests that display linear type flow, use the Gringarten method of 

analysis as well as the radial flow models. 
4. Analyze the recovery data using the Theis Recovery Method. 

 
This approach is justified because previous research has shown that in most 
cases, especially for the long duration tests, the data, or at least a portion of the 
data, eventually exhibit a Theis (or radial) flow response. This is particularly true 
for observation wells that are located at some distance away from any vertical 
fractures. At later times, pumping wells will also display a radial or “pseudo-
radial” flow response.  
 
The following section briefly summarizes the Derivative method. The theoretical 
background, a discussion of the characteristic responses for different flow 
regimes, and a description of the spreadsheet template that was used are 
provided in detail by Allen (1999). 
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3.4.1. Derivative Method 
 
Bourdet et al. (1984) introduced the use of derivative curves for the analysis of 
well-test data, although the technique had been widely applied in the oil industry 
for many years prior (pressure derivative analysis). One of the major advantages 
of using this technique, in addition to standard analytical techniques, is that it can 
be used as a diagnostic tool and can identify the type of flow regime that is 
present. For example, a radial flow regime has no characteristic behaviour in a 
type curve; however, the logarithm of the derivative of drawdown (hydraulic 
head) has a well known value and a definite shape when plotted against the 
logarithm of time. Specifically, radial flow occurs when the rate of change of 
drawdown in constant. Therefore, the derivative plots as a flat line. 
 
The presence of non-radial flow conditions that may be caused by leakage, 
vertical flow or the presence of boundaries is denoted on the derivative plot by a 
diagnostic response pattern that deviates significantly from the horizontal radial 
flow-line region of the graph. On a regular log-drawdown versus log-time graph 
these changes are subtle.  
 
A simple fixed end-point algorithm that could calculate the pressure derivative 
was included in the Excel spreadsheets that contained the water level data as a 
function of time (separate tab at bottom of sheet). Although not as sophisticated 
as the software program DERIV (Spane and Wurstner, 1993), which allows the 
user the flexibility of selecting the type of derivative algorithm that is used (i.e., 
fixed end-point or least-squares fit) and the abscissal length (L-spacing) over 
which the derivative is averaged, this simplified algorithm is nonetheless 
effective. This algorithm calculates the first derivative of the drawdown, with 
respect to the natural logarithm of the change of time, using the point 
immediately before and immediately after the point of interest, and averages the 
two values. A limited number of data points preclude the use of an L-spacing 
greater than the time interval between measurements. This resulted in a less 
smooth curve, such that even the slightest deviation will be visible. The 
spreadsheet automatically generates a graph showing the first derivative of the 
drawdown with respect to time plotted against time (e.g., Figure 3.5). 
 
The derivative method proved to be a very important component of the overall 
data analysis procedure used in this study. By looking at the derivative plots 
before the standard methods of analysis were implemented, it was possible to 
pick apart the hydraulic response of the aquifer and identify the various flow 
periods exhibited by the data. It is important when using either the Theis or 
Cooper-Jacob methods of analysis that only those data that result from radial 
flow be considered. Thus, its use not only complemented the other standard 
methods of analysis, but in many cases, provided the only means to identify what 
portion of the data curve could be attributed to radial flow.  
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Figure 3.5: Graph of the log 1st derivative versus log time from DERIV program. 
 
 

3.5. General Results for the Various Flow Models 
 
Following an examination of all of the derivative responses and the drawdown 
time responses, the presence of several different types of flow regimes were 
indicated in the bedrock aquifers. These differences occurred not only between 
different sites and between different wells, but also at different times during 
pumping.  
 

3.5.1. Radial Flow Models 
 
The Theis Method and the Cooper-Jacob Method were used to analyze the 
pumping test data for all wells, as a means of maintaining some consistency in 
the analysis procedure. Both methods can be used for either pumping or 
observation wells; however, storativity values for pumping wells are not valid 
because the radius of the well is used. This results in un-realistically high values 
for S.  
 

Radial Flow (Flat 
Derivative Curve)
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In general, the drawdown-time data plotted in log-log format for most of the wells 
were quite different from that predicted by Theis. Specifically, the rate of change 
of drawdown measured at early time for some wells was less than predicted by 
Theis, resulting in almost a straight-line response in log-log format at early time.  
On the semi-log graphs, the coinciding period is indicated by a curved line (rather 
than a straight line as predicted from the radial flow model by Cooper-Jacob).  
 
Several of the derivative plots indicated that only during brief time periods was 
radial flow observed. Therefore, it was possible to utilize the radial flow models 
(Theis and Cooper-Jacob). However, great care was taken to insure that only 
those data that reflect radial flow were analyzed where possible. This entailed 
selecting from the main dataset only the drawdown data over the specific time 
interval for which radial flow occurred. Then either curve matching (for Theis) or 
for calculating the slope and intercept value for the straight line (for Cooper-
Jacob Procedure 2.1) was done.  
 
In addition, a second procedure was used for Cooper-Jacob (Procedure 2.2). In 
this case, the results from the derivative analysis were ignored, and the entire 
portion of the curve following well bore storage was used to estimate T and S 
following the standard methodology of Cooper-Jacob. In our previous study, this 
alternative procedure for Cooper-Jacob was done to compare the results 
obtained using all the test data with the results derived specifically from the radial 
flow data.  
 

3.5.2. Linear Flow Models 
 
The linear appearance of many of the graphs at early time (up to 1000 minutes) 
is likely attributable to linear flow. In many situations in which linear flow is 
observed, linear flow results from a vertical or sub-vertical fracture, fault or shear 
zone in the vicinity of the pumping well. In the case of pumping wells, the very 
early portion (< 10 minutes) of this linear type response is probably attributable to 
well bore storage effects.   
 
On the basis of previous research (Allen, 1999), we assumed that any major 
fractures would be in a vertical or sub-vertical orientation, and therefore, used 
linear flow methods to analyze the data. These linear flow models (such as 
Gringarten et al., 1975 for pumping wells and Gringarten and Witherspoon, 1972 
for observation wells) were only used on data sets that exhibited linear flow. 
 
Linear flow tends to dominate at early time, and the hydraulic response of both 
the pumping well and any observation wells located along that fracture reflect the 
presence of a highly transmissive planar conduit in which flow moves along that 
fracture in two dimensions (hence linear or planar flow). In this situation, the use 
of either the Theis or Cooper-Jacob methods is not strictly valid because these 
are strictly radial flow models. Further, it is emphasized that the T values yielded 
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by employing the fracture flow model represent the transmissivity of the 
surrounding aquifer, not the actual fracture. These linear flow models take into 
account the aquifer’s response at early time, but provide an estimate of T for the 
entire aquifer.  
 
Because of the fact that the vertical fracture flow models estimate T for the 
aquifer surrounding the fracture, and that the data at this time reflect “pseudo-
radial” flow behaviour, it is possible to use the radial flow models when the data 
exhibit a radial response. Therefore, once linear flow is complete at later times, 
and under pseudo-radial flow conditions, a radial flow model, such as Cooper-
Jacob or Theis, can be used.  
 
This approach is justified because previous research demonstrated that when the 
Gringarten T values are compared to the Theis or Cooper-Jacob T values, the 
latter are similar to, although slightly higher than those derived from the radial 
flow models. The presence of an early time non-radial flow period can be 
anticipated to reduce the absolute drawdown measured in observation wells 
situated in the aquifer, and possibly the rate of drawdown as well, because of the 
influence of a dominant linear fracture. Thus, both the Jacob method and the 
Theis methods might overestimate slightly the magnitude of T. The degree to 
which T is overestimated likely will be a function of size of the fracture and the 
duration of the linear flow period preceding radial flow.  
 
For observation wells that are situated at some distance laterally away from the 
vertical fracture, radial flow will often be observed early in the test, and there is 
no need to analyze the data using a linear flow model. Gringarten and 
Witherspoon (1972) present a series of type curves that can be used to analyze 
data from observation wells located at different distances to the vertical fracture. 
 
 

3.6. Analysis Results 
 
Each spreadsheet identifies the radial flow period on the derivative graph that 
was used for subsequent analysis using Theis or Cooper-Jacob (Procedure 2.1).    
The summary table “Aquifer Properties” within each spreadsheet provides the 
results of each analysis in individual boxes. Each box indicates the time period 
used for the analysis. Where linear flow was observed, the appropriate 
Gringarten method (for pumping or observation well) is included in the summary 
table.  
 
In addition to the results provided in the individual spreadsheets, the T and S 
values were separated according to the length of test (short or long duration) and 
also into the geologic formation in which the test was conducted. These are 
discussed further in the section 4 of this report. 
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4. Site Hydrogeology 
 
In order to evaluate the nature of the responses at each well, several of the tests 
were interpreted within the context of the local geology and structure. Site 
information, including: 1) well locations and well type, 2) geologic units, and 
sometimes, 3) structural features such as fracture zones and faults, was only 
provided in a few reports. Table 4.1 lists general information on the sites used for 
this study, and indicates whether site information was provided in the original 
report. Where possible, a well tag number (BC Water Well Database) is included. 
Therefore, while all the data were analyzed to determine estimates of T and S, 
only a few could be interpreted within the context of the local geology.  
 
Table 4.1: General Site Information Record 
 Report Location Map Notes 

001 Mayne   no location map in report 
003 Galiano   single well test 
006 Denman X   
007 Galiano X   
014 Pender   large scale map only in report 
015 Galiano   no location map in report 
018 Galiano X   

019A Gabriola X   
019B Gabriola X   
039 Galiano   No site location information 
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040 N. Pender  No site location information 
020 Galiano     
021 Galiano   single well test 
022 Galiano   large scale map only in report 
023 Galiano   large scale map only in report 
024 Galiano   single well test 
025 Galiano   large scale map only in report 
026 Galiano   single well test 
027 Galiano X   
028 Mayne X   
029 Galiano X   

030A Galiano X   
030B Galiano   no location map in report 
031 Galiano   single well test 
032 Galiano X   
033 Galiano   single well test 
034 Galiano   large scale map only in report 
035 Galiano X   
036 Saturna X Site 1 from Abbey (2000) 
037 Saturna X Site 2 from Abbey (2000) 
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038 Saturna X D. Allen (personal communication) 
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Table 4.2: Specific Site Information Record 

Site 
Wells 
Tested Location (Description) 

Well 
Tag 

Depth of 
Open 
Hole (m) 

OB 7 Mayne - no other location information given    
OB 8 Mayne - no other location information given    
PW 9 Mayne - no other location information given    001 

OB 10 Mayne - no other location information given    
003 PW 13 Galiano - Sec 7, Plan 30727, Lot A 40939 92.7 

PW1 Denman - BCGS Mapsheet 092F056244 34149 7.0 
006 

PW 2 Denman - BCGS Mapsheet 092F056244, Well 7 34154 6.7 
TW89-1 Galiano - District Lot 85 62683 25.9 
TW89-2 Galiano - District Lot 85 62684 100.9 
TW89-3 Galiano - District Lot 88 62685 102.4 007 

Other 
wells 

The locations of the other wells at this site are 
unknown (Brooks well, Well#1, Well#2, Well B, 
Well 2)  

 

014 PW 2 Pender - Plan 702, DL 1024 39806 7.01 
015 PW 5 Galiano - Plan ??, Lot 15 or 19 21935? 66.1 

TS-4 Galiano - District Lot 69, 72 or 73    
018 

TS-5 Galiano - District Lot 69, 72 or 73    
TH-1 Gabriola - Mapsheet 92G012311 - Parcel E    
TH-2 Gabriola - Mapsheet 92G012314 - Parcel E    
TH-3 Gabriola - Mapsheet 92G012312 - Parcel E    
TH-4 Gabriola - Mapsheet 92G012313 - Parcel E    
TH-5 Gabriola - Mapsheet 92G012312 - Parcel E    
TH-6 Gabriola - Mapsheet 92G012313 - Parcel E    
TH-7 Gabriola - Mapsheet 92G012313 - Parcel E    
TH-8 Gabriola - Mapsheet 92G012313 - Parcel E    
TH-9 Gabriola - Mapsheet 92G012313 - Parcel E    
TH-10 Gabriola - Mapsheet 92G012313 - Parcel E    

019A 

TH-11 Gabriola - Mapsheet 92G012314 - Parcel E    
TH-12 Gabriola - Mapsheet 92G012311 - Parcel E    
TH-13 Gabriola - Mapsheet 92G012312 - Parcel E    
TH-H1 Gabriola - Parcel H    
TH-H2 Gabriola - Parcel H    
TH-H3 Gabriola - Parcel H    

019B 

TH-H4 Gabriola - Parcel H    
039 5 Galiano  - no location information given  62.5 
040 1 N. Pender - no location information given  88.4 
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Table 4.2 cont'd 

Site Wells 
Tested Location (Description) 

Well 
Tag 

Depth 
of Open 
Hole (m) 

3 Galiano - District Lot 79   27.7 020 
5 Galiano - District Lot 79   57.9 
4 Galiano - District Lot 27   65.6 021 
6 Galiano - District Lot 27   102.2 
A Galiano - District Lot 56 40939 40.0 022 
B Galiano - District Lot 56 34149 66.5 
A Galiano - District Lot 26 (Drilled July 2000) 34154 48.3 023 
B Galiano - District Lot 26 (Drilled July 2000) 62683 53.1 

024 1 Galiano - District Lot 82 62684 60.2 
1 Galiano - District Lot 49 62685 89.1 025 
2 Galiano - District Lot 49  46.0 

026 R2 Galiano - District Lot 43 39806 181.7 
1 Galiano - District Lot 86 21935? 73.8 027 
4 Galiano - District Lot 86   60.6 
1 Mayne - Sec 15 (Drilled September 1999)   131.1 
2 Mayne - Sec 15 (Drilled September 1999)   25.0 
3 Mayne - Sec 15 (Drilled September 1999)   24.4 

028 

4 Mayne - Sec 15 (Drilled November 1981)   101.2 
2 Galiano - District Lot 44 - Lot SL6   59.4 
3 Galiano - District Lot 44 - Lot SL3   87.8 029 
4 Galiano - District Lot 44 - Lot SL2   75.0 
BH-1 Galiano - District Lot 77 - Lot 26   118.6 
BH-2 Galiano - District Lot 77 - Lot 25   130.5 
BH-3 Galiano - District Lot 77 - Lot 28   204.2 
BH-4 Galiano - District Lot 71 - Lot 6   44.5 
BH-5 Galiano - District Lot 71 - Lot 8   39.9 
BH-6 Galiano - District Lot 69 - Lot 13   117.3 
BH-7 Galiano - District Lot 65 - Lot 15   83.2 
BH-8 Galiano - District Lot 65 - Lot 8   82.3 
BH-9 Galiano - District Lot 69 - Lot 11   56.4 
BH-10 Galiano - District Lot 69 - Lot 12   48.5 
BH-11 Galiano - District Lot 65 - Lot 18   45.7 
BH-12 Galiano - District Lot 78 - Lot 4  43.0 
BH-13 Galiano - District Lot 78 - Lot 2  104.5 
BH-14 Galiano - District Lot 69 - Lot 20  164.6 
BH-15 Galiano - District Lot 68 - Lot 5  42.1 
BH-16 Galiano - District Lot 68 - Lot 1  113.4 

030A 

BH-17 Galiano - District Lot 71 - Lot 23  56.4 
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Table 4.2 cont'd 

Site 
Well Location (Description) 

Well 
Tag 

Depth 
of Open 
Hole (m) 

BH-18 Galiano - District Lot 78 - Lot 3 1080? 167.6 
BH-19 Galiano - District Lot 65 - Lot A 658 45.4 
BH-20 Galiano - District Lot 65 - Lot 3 1077 134.4 
BH-21 Galiano - District Lot 65 - Lot 18 657 97.8 
BH-22 Galiano - District Lot 65 - Lot A 655 81.4 
BH-23 Galiano - District Lot 65 - Lot A 6817 45.7 

030B 

Bunk 
House Galiano - District Lot 65 - Lot A 52537 30.2 

031 1 Galiano - District Lot 56 - Plan 24402 53733 105.2 
1 Galiano - District Lot 25   195.6 
2 Galiano - District Lot 25 63099 48.8 
3 Galiano - District Lot 25   97.5 
4 Galiano - District Lot 25 63098 129.9 
5 Galiano - District Lot 25   84.1 
6 Galiano - District Lot 25   146.3 
7 Galiano - District Lot 25    
8 Galiano - District Lot 25 or 34 63097 116.1 
9 Galiano - District Lot 25 or 34 70094 152.4 
10 Galiano - District Lot 25 or 34 70096 128.0 

032 

11 Galiano - District Lot 19 or 25 or 34 70098 77.7 
033 1 Galiano - District Lot 12 62688 122.5 

1 Galiano - District Lot 30 or 31 - Lot 2 60599 85.3 
2 Galiano - District Lot 30 or 31 - Lot 4 60588 54.8 
3 Galiano - District Lot 30 or 31 - Lot 8 60587 67.1 
4 Galiano - District Lot 30 or 31 - Lot 10 60597 54.8 
5 Galiano - District Lot 30 or 31 - Lot 12 60596 134.2 
6 Galiano - District Lot 30 or 31 - Lot 13 62679 54.8 

034 

7 Galiano - District Lot 30 or 31 - Lot 1 62680 54.8 
1 Galiano - District Lot 58 62670 85.3 
2 Galiano - District Lot 54 62671 121.9 
3 Galiano - District Lot 54 62672 36.6 

035 

4 Galiano - District Lot 59 62673 54.9 
1 Saturna – District Lot  17.0 
2 Saturna – District Lot  24.4 036 
3 Saturna – District Lot  42.7 

037 PP Saturna – District Lot  34.0 
038 DW Saturna – District Lot  155.4 
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4.1. Methodology for Characterizing Sites 

4.1.1. Site Locations 
 
A basemap for each site was constructed from a scanned 1:70 000 air photo.  Air 
photos were expanded (zoomed in) in order to plot the relevant information at the 
site scale.  Scale bars are provided on each site map. The location of each site 
basemap is shown on a smaller scale scanned air photo of each island; several 
islands had several testing sites. 
 
Well locations were placed on each site map and identified as either pumping or 
observation wells using different symbols.  
 

4.1.2. Geologic and Structural Overlays  
 
Geological contacts were identified from both the original consulting report and 
from geologic maps of the Gulf Islands (Mustard, 1994). Where there were 
discrepancies, the geology as mapped by Mustard (1994) was used as this is the 
most up to date geologic map. 
 
Structural Features identified in the original consulting reports were included as 
line features. Different line styles were used for faults, fractures, etc. 
 

4.1.3. Lineament Analysis 
 
A lineament analysis was undertaken using 1:70 000 air photos. The objective of 
the lineament analysis was to verify any structural data provided in the consulting 
reports as well as to identify any other features that might be attributable to 
geologic structures.  
 
Lineaments were identified on the basis of visual analysis, and where not 
specifically attributable to road or other human structures (power line right of 
way), were interpreted as fracture zones. Commonly, these lineaments crossed 
geologic boundaries, and coincided with topographic discontinuities such as 
narrow valleys or ravines. 
 

4.2. Site Locations by Island 
 
Tests were conducted on several of the southern Gulf Islands as indicated in 
Table 4.1 above. Most of the tests were conducted on Galiano Island. However, 
there are also several tests on Gabriola, Mayne, Saturna, and Denman Islands. 
Using the available information, the following island site maps were constructed. 
Note that these maps do not show all the locations of the test sites as many of 
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the original reports did not provide sufficient information with which to locate the 
test site. 
 
Each white area outlined on the island maps shows the region for which a more 
detailed site map was constructed. 

4.2.1. Galiano Island 
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 35

4.2.2. Gabriola Island 
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4.2.3. Mayne Island 
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4.2.4. Saturna Island 
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4.2.5. Denman Island 
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4.3. Discussion of Results on a Site by Site Basis 
 
The interpretation of the hydraulic test data is divided into two sections; data from 
long duration tests and short duration tests. In general, the long duration tests 
provide a much better record of the aquifer response over a larger scale, while 
the short duration tests tend to sample the aquifer at a smaller scale. This is 
because the cone of depression generated during a pumping test expands with 
time. Long duration tests also tend to capture late time flow behaviour, such as 
unconfined flow or barriers, which may not be detected in the shorter duration 
tests. 
 
In homogeneous and isotropic confined aquifers that are of large extent (i.e., with 
no barriers in the subsurface), the cone of depression is circular and grows 
exponentially in a radial direction away from the pumping well. Wells that are 
situated furthest from the pumping well are the last to respond, and if the 
pumping rate is sufficiently low, or the aquifer has a low transmissivity, there may 
be no measurable response in these far-field wells. However, because the 
aquifer is homogenous and isotropic and uniform in all respects, the T and S 
values that are derived from short duration tests should be very similar to, if not 
the same as, the T and S values that would be calculated form the longer 
duration tests. 
 
In fractured aquifers, where linear features such as fracture zones and faults are 
present, the shape of the cone of depression is not necessarily circular, and often 
is elongate. Specifically, fractures lead to heterogeneity at some scale and 
therefore, the properties calculated are often related to the test length. If a 
pumping well is located on a vertical fracture, then any observation wells that are 
situated along the same fracture, but at great distances from the pumping well, 
can respond instantaneously to pumping. In contrast, wells that are situated off 
the main fracture will be much slower to respond, despite their proximity to the 
pumping well.  
 
In some instances, faults may act as barriers to flow causing observation wells to 
experience a significant delay in their response relative to that predicted by the 
vertical fracture flow models. In this respect, short duration tests can give quite 
different estimates of the hydraulic properties because of the scale dependence 
of the pumping test in these rocks.  

4.3.1. Long Duration Tests 
 
A total of 11 test Sites had data that were considered of long duration. These 
include: Sites 001, 003, 006, 007, 014, 015, 018, 019A, 019B, 039 and 040. Of 
these, one about have had site location maps for the tested wells.  
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A detailed interpretation of the test results, including reference to geology and 
structure is provided in Appendix 2.0. In that appendix, the individual large-scale 
site maps constructed. These maps, which are of various scales, include the well 
locations, the geologic contacts and formations, and the trends of any faults or 
fracture zones. In addition to the site maps, there is a description of the testing 
results that includes the log-log and derivative plots and how the results compare 
to the local site geologic conditions. 
 
Most of the long duration tests exhibited linear flow. Normally, radial flow was 
attained at mid- to late time, but not in all cases (i.e., linear flow persisted in 
some cases throughout the test). This result does not mean to suggest that most 
of the wells on the Gulf Islands will experience linear flow. Normally, long 
duration tests (and in most cases, short duration tests) are conducted on water 
utility supply wells that have been specifically sited by a hydrogeologist near to 
fracture zones in order to obtain the highest yield possible for a client 
(developer). In contrast, domestic wells are normally sited by the driller, and are 
often placed in a convenient location on a property lot. Consequently, little 
consideration in domestic well cases is given to the placement of the well with 
respect to large-scale structural features such as fracture zones. In this respect, 
the test data for the long- and short-duration tests may be biased toward linear 
flow simply because most of the wells were placed on fracture zones in the first 
place. 
 
As a rough comparison, the T values for those wells located nearby fracture 
zones, and which displayed a significant linear flow period, appeared to have 
higher T values (in the range of 10-2 to 10-4 m2/s) compared to wells situated 
away from fracture zones (tended to be 10-5 to 10-6 m2/s). The higher T values for 
wells that exhibit linear flow reflect the higher permeability of the surrounding 
aquifer, not specifically the fracture itself.  
 
It is important to remember that these linear flow models and the radial flow 
models that are applied only to the radial flow data provide estimates of T for the 
aquifer in the presence of an assumed single vertical fracture. However, these 
are not necessarily single vertical fractures. In the field, these are fracture zones 
or faults, and therefore, wells in the vicinity of the features can be expected to be 
more intensely fractured that those wells away from the fracture zones. Thus, 
high values of T calculated from the radial flow data alone may be an indication 
of highly fractured rock surrounding the fracture zone or fault.  
 
In a couple of tests, the wells that were drilled in the mudstone dominant 
formation, but also close to a fracture zone, did not result in unusually high 
values of T, which is consistent with what we would expect to see based on the 
structural work by Mackie (2000). Specifically, Mackie indicated that that the 
intensity of fracturing in sandstone-dominant formations was greater than in 
mudstone dominant formations. However, there are not enough data to confirm 
this relation. 
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This explanation implies that the high values that we obtain for T represent 
fractured rock surrounding the fracture zones, and that these fracture zones are 
laterally extensive (between 50 to 100m in width according to the air photo maps 
with the occurrence of linear flow in wells within these approximate distances).  
The lower values for T that are obtained probably reflect the permeability of rocks 
away from any fracture zones. 
 

4.3.2. Short Duration Tests 
 
Data from short duration tests were available from 20 Sites including: Sites 20 
through 29, Sites 30A and 30B, Sites 31 through 38. Most of these tests were 
conducted on Galiano Island, however, a few were collected on Mayne Island 
and Saturna Island.  
 
At most sites, there were numerous tests conducted. In many cases, these were 
single well tests, with data being collected only at the pumping well. However, 
several sites did have multiple well test data. 
 
Site descriptions, which include a simple well lithology log based on information 
from either the report or from the BC Water Well Database (if a WTN was 
available), are included in each database site directory. 
 
Site by site descriptions of the test results are not provided in this report. Rather, 
the T and S values calculated using each method are reported in the Results 
Table (as an Excel Spreadsheet – final-results.xls). In addition, site location 
maps were created where there was information on well locations provided in the 
reports for these tests. Site location maps were only available for Sites 027, 028, 
029, 030A, 032, 035, 036, 037 and 038. These site location maps are included in 
Appendix 3.0. Sites 036, 037 and 038 are shown on a single map of Saturna 
Island. 
 
Of the 36 pumping wells for which a location map was available, 23 displayed a 
linear type response at early time, which in many cases persisted throughout the 
test. Radial flow behaviour was exhibited early in the tests in only 9 pumping 
wells. One pumping well exhibited a barrier mid-way through the test (Site 032, 
Well#3), and 3 wells had poor data that could not be associated with any 
particular type of flow. 
 
When the linear flow pumping wells were identified on the site maps, many of 
them were located close to fracture zones or faults. However, there were several 
instances when the well was not located anywhere near a mapped fracture zone 
or a lineament. Similarly, a few of the wells that displayed radial flow were 
located relatively close to fracture zones. This unpredicted relation was most 
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notably evident at site 030A, where numerous tests were conducted and a 
comparison was possible. Site 030A is on Galiano Island. On the air photo, 
numerous bedding plane fractures are evident along strike of the island. 
Therefore, we propose that at this site, the large number of bedding plane 
fractures may act to create enhanced permeability in such as way that it 
overshadows the role of vertical fractures that tend to intersect the bedding 
planes at 90 degrees.  
 

4.4. Hydaulic Properties of the Nanaimo Group Rock 
 
One of the objectives of this research project was to determine the range of 
hydraulic properties for the Gulf Islands. Because of the different lithologies that 
comprise the different formations of the Nanaimo Group, it is worthwhile 
examining whether there are any consistent trends in the hydraulic properties 
that can specifically be associated with geologic formation.  
 
As indicated in the previous section, many of the long duration tests were 
undertaken in wells that had been strategically drilled near fault and fracture 
zones, and therefore, the range of T values was likely biased and emphasizes 
the intense fracturing that occurs near these structural features. The short 
duration tests showed similar dominance of linear flow in most tests. 
 
Table 4.3 is a summary table for T and S values calculated using Theis and 
Recovery methods that are sorted according to geologic formation.  The table is 
subdivided into long and short duration tests, and the number of tests available is 
indicated (i.e., the number of values of T that were obtained).  
 
The Spray and Cedar District formations are mudstone dominant, while the 
Gabriola, Geoffrey, de Courcy and Protection formations are sandstone-
dominant. There are significantly more test results available for the Gabriola and 
Geoffrey formations. 
 
The average values were calculated from the logarithms of the original T values 
(a geometric mean is more appropriate for computing the average of K or T 
values because it does not arbitrarily weight the average in favour of the higher 
magnitude values as an arithmetic mean would do).  
 
On the basis of the values reported in this table, it is difficult to identify any 
trends, therefore, the data were also plotted as a bubble plot (Figure 4.1). Each 
formation is colour-coded according to the legend, and appears consecutively 
from left to right on the graph. The top row of bubbles represent the values of T 
calculated using the Theis pumping method, while the bottom row of bubbles 
represents the values of T calculated using the Recovery method. Long-duration 
test bubbles appear before the respective short-duration bubble for each 
formation. Long-duration test data (values above each bubble) are indicated in 



 43

blue and short-duration test data (values below each bubble) are indicated in red 
(the values used in the figure are highlighted in similar colours in Table 4.3).  
 
  
 
Table 4.3: Summary of T and S Values by Geologic Formation - Theis and 
Recovery Methods 
Long Duration Tests             

Formation    Gabriola Geoffrey  Spray  
de 
Courcy 

Cedar 
District Protection 

# of tests   12 13 3 4 2 3
T- Theis  Average 1.80E-5 5.45E-5 1.51E-5 5.21E-5 2.89E-5 1.08E-5
  Max 6.37E-4 8.13E-4 5.31E-5 7.50E-5 5.95E-5 3.58E-5
  Min 1.60E-6 5.12E-6 2.65E-6 3.88E-5 1.40E-5 2.80E-6

  
Standard 
dev 2.06E-4 2.19E-4 2.53E-5 1.53E-5 3.22E-5 1.70E-5

S-Theis  Average 2.64E-2 1.39E-4 N/A 3.69E-4 N/A 1.82E-4
  Max 3.67E-2 4.32E-4 N/A 5.58E-4 N/A 7.17E-4
  Min 1.90E-2 4.44E-5 N/A 2.84E-4 N/A 4.62E-5

  
Standard 
dev 1.26E-2 1.96E-4 N/A 1.50E-4 N/A 4.74E-4

T- Rec.  Average 5.46E-5 4.18E-5 2.23E-5 1.59E-4 2.34E-5 1.19E-5
  Max 3.13E-3 2.11E-4 5.20E-5 8.40E-4 6.08E-5 1.19E-5
  Min 1.57E-6 3.24E-6 7.05E-6 4.83E-5 9.04E-6 1.19E-5

  
Standard 
dev 1.13E-3 7.19E-5 2.25E-5 3.72E-4 3.66E-5

Short Duration Tests  

Formation    Gabriola Geoffrey Spray  
de 
Courcy 

Cedar 
District Protection 

# of tests   61 9 5       
T- Theis  Average 5.75E-6 1.06E-5 4.86E-6 N/A N/A N/A
  Max 5.42E-2 7.19E- 3.61E-5 N/A N/A N/A
  Min 3.38E-7 1.22E-6 7.55E-7 N/A N/A N/A

  
Standard 
dev 6.94E-3 2.86E-5 1.55E-5 N/A N/A N/A

S-Theis  Average 1.84E-5 1.51E-4 N/A N/A N/A N/A
  Max 3.67E-2 2.68E-4 N/A N/A N/A N/A
  Min 2.41E-7 8.55E-5 N/A N/A N/A N/A

  
Standard 
dev 2.11E-4 1.29E-4 N/A N/A N/A N/A

T- Rec.  Average 9.62E-6 1.04E-5 2.14E-5 N/A N/A N/A
  Max 1.46E-2 4.89E-5 9.81E-5 N/A N/A N/A
  Min 2.06E-7 1.85E-6 2.55E-6 N/A N/A N/A

  
Standard 
dev 2.03E-3 2.08E-5 5.00E-5 N/A N/A N/A
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Figure 4.1: Bubble plot showing ranges of T values calculated using the Theis 
Method and the Theis Recovery Method for Long and Short Duration Tests 
 

 
As a first observation, where both long and short duration data exist, T values 
calculated from long duration test data are greater than those calculated from 
short duration test data. A possible explanation for this is bias in well placement, 
such that wells for which long duration tests were conducted may have been 
preferentially sited close to major fracture zones or faults. Short duration tests, 
while also exhibiting a strong tendency for linear flow, may still on average 
represent tests for wells placed both near and far from fracture zones. 
A second observation is that the values of T calculated using Theis and recovery 
are generally pretty similar, and there are no trends in whether one method 
produces consistently higher or lower values compared to the other method. 
Therefore, according to our values, either pumping or recovery data may be used 
to calculate T (recovery does not provide an estimate of S). One advantage to 
using recovery data is that they can in some cases provide more representative 
estimates of the hydraulic properties of the aquifer. This is because the 
irregularities in the "constant" pumping rate are smoothed out, and the well 
recovers at a rate that reflects an average pumping rate.  
A third observation is that the Gabriola, Geoffrey and de Courcy formations 
appear to have the largest size bubbles. As these are all sandstone-dominant 
formations, this would seem to suggest that our hypothesis that the mudstone-
dominant formations should have higher permeabilities may be questionable. 
However, given that linear flow was observed in most test data, it stands to 
reason that these test data are biased, and therefore, the high values for these 
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sand dominant formations may simply be a reflection of the presence of intense 
fracturing alongside the fault and fracture zones. 
Alternatively, the lack of correlation between high T values and mudstone-
dominant formations may be related to the fact that fractures are often found at 
the contact between sandstones and mudstones (driller's logs), and therefore, 
not necessarily related to one formation lithology or the other. Mackie (2000) 
indicated that joint spacing is higher in thinly-bedded formations, particularly 
those found in the transition zones between formations. The more massive 
mudstones were speculated to perhaps have low joint densities, and 
consequently, lower permeability. This would imply that higher T values should 
be found where sandstone-dominant formations are gradually becoming 
mudstone-dominant and vice versa. In this case, we may not see any correlation 
between T and  lithology even in the absence of vertical fracture zones. Based 
on this assumption, it may be possible to locate in three dimensions the various 
transition zones between formations and correlate these with a higher likelihood 
of high permeability. 
By itself, the current pump test dataset does not provide sufficient information to 
be able to determine if there are any spatial trends or clustering of permeability 
across Gulf Islands the region. Because of the control of lithology and structural 
overprint, the issue of spatial variability in permeability across the region is 
probably best addressed by considering both of these characteristics. This 
approach is currently being used in joint research between SFU and the 
Geological Survey of Canada, whereby 3-dimensional geologic mapping is being 
undertaking to constrain the orientation of bedrock structure on the Gulf Islands, 
and ultimately to provide an architectural framework for permeability mapping. 

4.4.1. Average T and S for Each Formation 
 
Tables 4.4 and 4.5 show the average values of T calculated from both the short 
and long duration pumping tests for each formation using the Theis and 
Recovery methods, respectively. Also shown are the maximum, minimum and 
standard deviation of the means. The number of samples for the Gabriola, 
Geoffrey and Spray formations increases our confidence in the range of values. 
Low sampling in the de Courcy, Cedar District and Protection formations indicate 
a much lower level of confidence. 
 
Because the test data reflect the dominant presence of fracture zones, the 
average values are probably a poor reflection of representative values for the 
formations. Rather, we propose that the minimum values be used to represent 
the relatively unfractured aquifer and the maximum values or averages 
used to represent the fractured aquifer near faults and fracture zones. It is 
important to note however, that the fractures themselves will probably have at 
least one or two orders of magnitude higher T values than the fractured aquifer 
surrounding them. 
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Table 4.6 shows the values of S for four formations. S can only be calculated if 
data from an observation well are available, thus, there are significantly fewer 
values. Only the Gabriola, Geoffrey, de Courcy and Protection formations 
provided estimates of S. Similar to the rationale for selecting representative T 
values, we propose that the minimum values of S be considered as 
representative of the aquifer away from fracture zones, and the average to 
minimum values be considered for the aquifer close to fracture zones. 
 
 
Table 4.4: Average T Values for the various formations from Theis 

Formation  Gabriola  Geoffrey Spray  
de 
Courcy 

Cedar 
District Protection 

# of tests 73 16 8 1 2 1
Average 1.02E-5 2.40E-5 8.56E-6 5.21E-5 2.89E-5 1.08E-5
Max 5.42E-2 8.13E-4 5.31E-5 7.50E-5 5.95E-5 3.58E-5
Min 3.38E-7 1.22E-6 7.55E-7 3.88E-5 1.40E-5 2.80E-6
Standard 
dev .35 .50 .35       

 
 
Table 4.5: Average T Values for the various formations from Recovery 

Formation  Gabriola  Geoffrey Spray  
de 
Courcy 

Cedar 
District Protection 

# of tests 64 14 8 4 2 1
Average 2.29E-5 2.08E-5 2.18E-5 9.13E-5 2.34E-5 1.19E-5
Max 5.42E-2 8.13E-4 5.31E-5 7.50E-5 5.95E-5 3.58E-5
Min 3.38E-7 1.22E-6 7.55E-7 3.88E-5 1.40E-5 2.80E-6
Standard 
dev 1.23 .98 .029       

 
 
Table 4.6: Average S Values for the various formations from Theis 

Formation  Gabriola  Geoffrey Spray  
de 
Courcy 

Cedar 
District Protection 

# of tests 9 5 0 3 0 2
Average 6.97E-4 1.45E-4   3.69E-4   1.82E-4
Max 3.67E-2 4.32E-4   5.58E-4   7.17E-4
Min 2.41E-7 4.44E-5   2.84E-4   4.62E-5
Standard 
dev 4.55 3.29         
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4.5. Hydraulic Conductivities 
 
Hydraulic conductivity (and specific storage) estimates are required as input into 
numerical models and for estimating groundwater fluxes and storage capacities 
in aquifers. Therefore, it is useful to calculate these values from the T values 
determined from pumping tests. 
Transmissivity (T) is calculated using the following equation: 

T = Kb 
where K is the hydraulic conductivity and b is the saturate thickness of the 
aquifer. Similarly, storativity (S) is calculated using the equation: 

S = Ssb 
where Ss is the specific storage and b is the saturated thickness of the aquifer.  
In confined, homogeneous and isotropic aquifers, where the well fully penetrates 
the aquifer, the value for b is equal to the well screen in the case of 
unconsolidated aquifers or to the open hole length in bedrock aquifers. 
Determination of the hydraulic conductivity and specific storage then simply 
involves straight division. 
In fractured aquifers (not the doubly porous types), the flow of water occurs only 
through the fractures, and therefore, the hydraulic conductivity value that would 
be calculated is equal to the transmissivity determined from the pumping test 
divided by the sum of the thicknesses of all the fractures down the open hole. As 
it is entirely unrealistic and impractical to measure the sum of the fracture 
apertures, packer tests are normally undertaken to determine the hydraulic 
conductivity of the rock. However, because we are using well test data collected 
in open boreholes, and because we are considering the aquifer as an equivalent 
porous medium, we can use the open depth interval (i.e., the depth of the well 
minus the depth of casing) to be equivalent to the saturated thickness. In this 
situation, the entire well is sampling the aquifer, and we make an assumption that 
this sample volume is sufficient to sample a representative elementary volume of 
aquifer. 
In order to calculate the K values, where possible the open hole depth was 
calculated. Table 4.2 shows the final values that were used. The raw data are 
included in the Results table (final-results.xls). Unfortunately, most well logs did 
not report the casing depth, and therefore, the depth of overburden was used as 
the upper depth. As the casing normally extends for a few feet into the bedrock, 
the reported K values are probably slightly lower than had the actual casing 
depth been used. Where no information on overburden depth was provided a 20 
ft (6.09m) was used. The K values for each test are reported in the Results table, 
and the average values for both long and short duration tests are summarized in 
Table 4.7. 
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Table 4.7: Average K Values for the various formations from Theis 

Formation  Gabriola  Geoffrey Spray  
de 
Courcy 

Cedar 
District Protection 

# of tests 62 8 5 0 2 3
Average 8.26E-8 2.21E-7 5.21E-8 4.22E-6 2.25E-7
Max 8.15E-4 3.79E-6 4.17E-7 8.51E-6 4.71E-7
Min 2.78E-9 1.26E-8 3.86E-9 2.10E-6 8.24E-8
Standard 
dev 6.99 8.34 8.11 2.69 2.47

 

These values should be used similarly to the T and S values in that the minimum 
values should be considered representative of the unfractured aquifer and the 
average to maximum values considered representative of the fractured aquifer 
near fault and fracture zones. It is worth noting that the average K values are 
close to the minimum values. In contrast, the average T values were mid-way 
between the maximum and minimum values. Because geometric means were 
used in both cases, this suggests that the average K values normally fall at the 
low end of the range, and in effect are normalized against well depth. 
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5. Conclusions and Recommendations 
 

5.1. General Conclusions 
 
In general, most of the wells display a linear type response that is consistent with 
the presence of a vertical fracture of some width. Wells located nearby fracture 
zones, and which displayed a significant linear flow period, appear to have higher 
T values compared to wells situated away from fracture. There were insufficient 
data to determine if there is a relation between distance to the fracture and 
whether or not linear flow was observed. However, the fact that we do observe 
linear flow in many wells is a strong indication that our conceptual model 
consisting of a hierarchy of fracturing is reasonable, and that vertical fracture 
zones probably do play a major role in controlling flow on the Gulf Islands. 
 
The presence of faults and fracture zones has strongly affected the testing 
results, and likely introduced bias into the T and S values that were calculated. 
Therefore, we propose that the minimum T and S values be used to represent 
unfractured aquifer formations, and the average to maximum values be used to 
represent aquifers in the vicinity of fault and fracture zones. The fractures 
themselves will have permeabilities perhaps two orders of magnitude higher that 
the highest values shown here.  
 
Hydraulic conductivity values, calculated by considering the open hole depth as 
the saturated thickness, b, gave fairly consistent results between formations. This 
result was somewhat unexpected, but may perhaps be explained by the fact that 
joint spacing, and thus, permeability is expected to be higher where bedding 
thickness is smallest, such as in the transition zones between the mudstone- and 
sandstone-dominant formations. The consistency between the values is either a 
reflection of the presence of vertical faults and fractures near the wells or that 
there really is not difference in the hydraulic properties of the different lithologies. 
We favour the first explanation, but acknowledge that these transition zone 
regions may provide higher permeability zones. To further constrain these 
interpretations, we suggest that wells away from fracture zones and drilled in the 
different lithologic units should be tested to eliminate any potential bias arising 
from the presence of such fractures. As well, the 3-dimensional geologic 
mapping (ongoing research) may provide further constrain on the relation 
between joint spacing and lithology across the Gulf Islands region. 
 
In general, there was consistency between the T values calculated using each 
radial flow method and using the linear flow method. Although this consistency 
was not described in detail, the values for each well and for each testing method 
are provided both in the original test spreadsheets and in the Results 
spreadsheet. We recognize that the Gringarten methods for linear flow are 
probably more appropriately used, but for the sake of comparison chose to 
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ignore those T and S values in our discussion. This is not meant to suggest that 
linear flow models should not be used when there is evidence that linear flow is 
present. However, it does suggest that when the radial flow periods are correctly 
identified in the test data (by considering the derivative plot), that the estimates of 
T and S from Theis, Cooper-Jacob or Recovery will generally provide consistent 
results for the properties of the aquifer surrounding the vertical fractures. 
 

5.2. Value of Research Findings 
 
The project identified a range of hydraulic properties for the Gulf Islands aquifers 
based on the available data, and specifically, attempted to relate these 
parameters to the local geology. This work has helped in refining our knowledge 
on the hydrogeology of the Gulf Islands and put more "tools in the toolbox" for 
quantifying the groundwater resource on the islands. In addition, the research 
has provided estimates (and ranges) of the hydraulic properties that are needed 
for the numerical modelling of groundwater flow on the Gulf Islands. In a broader 
scientific sense, the research has contributed to better understanding of the 
hydraulics of fractured sedimentary rock aquifers.  
 
 
Respectfully Submitted, 
 
 
 
Dr. Diana Allen, Associate Professor 
Department of Earth Sciences, SFU 
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Appendix 1.0: Well Owners / Consultant 
 
001 - Gulf Land Corp. 
 Mayne Island 
 (E. Livingston / Piteau) 
003 - Galiano Construction Ltd. 
 Galiano Island 
 (A. Smith) 
006 - Fre-West Subdivision 
 Denman Island 
 (International Groundwater  
 Consultants) 
007 - Intrawest Properties Ltd. 
 Galiano Island 
 (Thurber / Turner / Payne) 
014 - Peregrine Land Corporation 
 Pender Island 
 (Brown, Erdman & 
Associates) 
015 - Galiano Properties Ltd. 
 Galiano Island 
 (Kerr, Priestman & 
Associates) 
017 - Intrawest Properties Ltd. 
 Galiano Island 
 (Thurber) 
018 - J12 Freecorp Holdings Ltd. 
 Galiano Island 
 (Piteau) 
019A - Weldwood of Canada Ltd 
 Gabriola Island 
 (Piteau) 
019B - Weldwood of Canada Ltd 
 Gabriola Island 

 (Piteau) 
020 - Dr. Bowie Keefer 
 Galiano Island 
 (Piteau) 
021 - G27 Partnership 
 Galiano Island 
 (Turner) 
022 - Keith Pearson 
 Galiano Island 
 (Turner) 
023 - Francine Renaud 
 Galiano Island 
 (Robert Potter) 
024 - 459225 BC Limited 
 Galiano Island 
 (Thurber) 
025 - Trincomali Whale Watchers 
Ltd. 
 Galiano Island 
 (Thurber) 
026 - Enzio von Rezori 
 Galiano Island 
 (Robert Potter) 
027 - Gary Thomas 
 Galiano Island 
 (Thurber) 
 
028 - Don Slinn 
 Mayne Island 
 (Robert Potter) 
029 - Orca Resources 
 Galiano Island 

 (Robert Potter) 
030A - Treeco Developments 
 Galiano Island 
 (Piteau) 
030B - Treeco Developments 
 Galiano Island 
 (Piteau) 
031 - Ken and Catherine Maneker 
 Galiano Island 
 (Robert Potter) 
032 - Winstanley Forest Limited 
 Galiano Island 
 (Thurber) 
033 - Ben Mabberley 
 Galiano Island 
 (Thurber) 
034 - 411323 BC Limited 
 Galiano Island 
 (Thurber) 
035 - MacMillan Bloedel Ltd. 
 Galiano Island 
 (Thurber) 
036 - Owner: Wolfgang 
 Saturna Island 
 (D. Abbey) 
037 - Owner: Phil Jones 
 Saturna Island 
 (D. Abbey) 
038 - Brian and Jane Dixon-Warren 
 Saturna Island 
 (D. Allen) 
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Appendix 2.0  
Site Descriptions for Long Duration Tests 
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Site 001 
 

• Mayne Island 
• No site map available 
• Pumping Well PW#9, with observation wells OB#7, OB#8 and OB#10 
• Significant changes in the pumping rate – data are difficult to interpret 
• Radial flow taken in pumping well from 1500 to 4800 minutes, and in observation wells towards the end of the test 

when radial flow conditions were moderately apparent. 
• No interpretation possible because of lack of site information 

 
 
Site 003 
 

• Galiano Island 
• No site map available 
• Single well tests conducted in 1979 and 1989 at the same well (PW#13) 
• 1979 tests 

o Linear flow period probably present from 10 to 100 minutes. 
o Radial flow begins at 100 minutes and ends at 1000 minutes. 
o A significant amount of variability in the derivative plot particularly at late time when the pumping rate 

appears to have varied. 
• 1989 test 

o Linear flow period from 10 to 100 minutes much more apparent 
o Radial flow from 100 to 1000 minutes 
o Boundary effect >1000 minutes 

• Results from two tests relatively consistent except that the variable pumping rate in the 1979 test appears to have 
strongly influenced the smoothness of the data 
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• Site 006 
 
 
Location  Denman Island 
Formation 
and geology 

Cedar District Formation – dominantly mudstone; well logs indicate interbedded mudstone and 
sandstone.  

Type of test 
and # of 
wells 

Two different pumping tests (Test #1 and Test #2) conducted for PW#1 and PW#2, respectively. 

Results Metho
d Theis   

Jacob 
2.1   

Jacob 
2.2   

Gringarte
n   Recovery

Well # T (m2/s) S T (m2/s) S T (m2/s) S T (m2/s) S T (m2/s)

PW#1 5.95E-05 1.18 
4.88E-
05 0.88 

7.52E-
05 0.24 7.621E-05 0.005 6.08E-05 

 PW#2 1.40E-05 0.53 
1.14E-
05 0.58 

1.25E-
05 0.45 1.436E-05 0.01 9.04E-06  

Comments  The wells are located approx. 300m from the contact with the de Courcy Formation. 
 The wells logs indicate the presence of fractures at 9.14m and 20.42m in PW#1, and at 27.73m in 

PW#.2. 
 The wells are located close to the intersection of two fracture zones 
 The derivative plot for PW#1 displays radial flow for the most of the test, therefore a radial flow 

model is applicable. Late time data are irregular probably due to pumping rate variability. 
 The derivative plot for PW#2 displays radial flow for most of the test, with wellbore storage evident 

at very early time. Therefore, a radial flow model is applicable. Late time data are similarly irregular. 
 Variability in the derivative plot within the radial flow segment in both wells may be due to 

dewatering of discrete fractures, leading to variable drawdown rates. 
 The similarity of the responses for the two wells and their radial responses suggest that the fracture 

zones do not influence the test results. This may be because the wells, although close to the 
fracture zones, do not intersect them, or alternatively, that the lithology (dominantly mudstone) has 
sufficiently fractured the rock so as to create a uniform radial flow field under pumping. 
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Constant Discharge Test Site 006.1 (Pumping Well 1)
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Fig. A2.1: Log-log plot of drawdown versus time – Site 006, Test #1, PW#1 
 

 
 

Derivative Site 006.2 (Pumping Well 2)
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Fig. A2.3: Derivative plot - Site 006, Test #1, PW#1 
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Constant Discharge Test Site 006.2 (Pumping Well 2)
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Fig. A2.2: Log-log plot of drawdown versus time – Site 006, Test #2, PW#2 

 
 
 

Derivative Site 006.1 (Pumping Well 1)
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Fig. A2.4: Derivative plot - Site 006, Test #2, PW#2 



 62

 

LEGEND

Pumping Well

Observation Well

Stratigraphic Contact

Fault Zone

Fracture Zone

N
0 300 600 900m

CD

DC

N

Well #1

Well #2

Study Area for Testing Site 006

 
 
Fig. A2.5: Study area for Site 006 - location of PW#1 and PW#2  
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Site 007 
 
 
Location  Galiano Island 
Formation 
and 
geology 

Gabriola Formation – dominantly sandstone, well logs indicate interbedded mudstone and sandstone 

Type of 
test and # 
of wells 

Four pumping tests conducted in total. Locations for 3 wells provided (well # TW89-1, well #TW89-2 and 
well #TW89-3; both TW89-1 and TW89-2 were used each used as pumping wells and observation wells in 
two tests. TW89-3 was not tested. Additional test data for wells at this site are also available in the 
database, however, the location of these other wells is unknown, and therefore, the results for these are not 
discussed further. 

Results 
Method Theis   

Jacob 
2.1   

Jacob 
2.2   Gringarten   Recovery

Well #  T (m2/s) S T (m2/s) S T (m2/s) S T (m2/s) S T (m2/s)
PW-

TW89-2 4.29E-4 0.019 5.31E-4 0.015 1.12E-3 0.0063 1.18E-4 0.00073 3.12E-3
OB-

TW89-1 6.37E-4 315.8 7.06E-4 248.8 1.40E-3 10.2 8.49E-4 29.5 1.21E-3
PW-

TW89-1 1.77E-4 0.037 2.37E-4 0.026 6.85E-4 0.0064 1.10E-4 0.00027 1.31E-3
OB-

TW89-2 1.85E-4 3678.8 2.42E-4 3257.9 7.61E-4 439.6 N/A N/A 2.61E-3 
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Comments  Test 1: Pumping TW89-1 
 Wellbore storage is present at early time. 
 A significant period of linear flow is identified in PW-TW89-1 on the derivative plot following wellbore 

storage and until about 200 minutes. At 200 minutes, radial flow begins. At time greater than 1000 
minutes a barrier effect is noted.  

 The response for OB TW89-2 is similarly linear from early in the test until the end of the test. Radial 
flow is not as evident in the observation well, and may not occur.  

 The well logs indicate the presence of fractures at approximately the same depth between 120 and 
200 ft  

 The values obtained for T are in the same range for both wells.  
 Test 2: Pumping TW89-2 
 Wellbore storage may be present at very early time, although linear flow clearly dominates 

throughout the test for both PW-TW98-2 and OB-TW98-1. 
 T values are in the same range with the ones determined from the previous test.  

 
Note: Even though a fracture zone or fault is not indicated on the airphoto / geology (because one was 
not delineated in any reports) the report itself mentions that a fault or fracture zone is located near the 
wells. This conclusion is supported by the hydraulic responses of both wells; dominant linear flow, with 
minimal radial flow. The conclusion is also supported by the fact that these are significant water supply 
wells and that of the wells tested on Gabriola Island, they have the highest T values.  

  
 
 
 
 



 65

Pumping Test Site 007 Test 1 
 

Constant Discharge Test Site 007.1 (Test 1; Pumping Well TW 89-1)
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Fig. A2.6: Log-log plot of drawdown versus time –   Site 007, Test #1, PW#TW89-1 
Derivative Site 007.1 (Test 1; Pumping Well TW 89-1)
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Fig. A2.7: Derivative plot - Site 007, Test #1, PW#TW89-1 
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Constant Discharge Test Site 007.1 (Test 1; Observation Well TW 89-2)
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Fig. A2.8: Log-log plot of drawdown versus time – Site 007, Test #1, OB#TW89-2 

 
 

Derivative Site 007.1 (Test 1; Observation Well TW 89-2)
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Fig. A2.9: Derivative plot – Site 007, Test #1, OB#TW89-2 
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Pumping Test Site 007 - Test 2 
 

Constant Discharge Test Site 007.1 (Test 2; Pumping Well TW 89-2)
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Fig. A2.10: Log-log plot of drawdown versus time – Site 007, Test #2, PW#TW89-2 
 
 

Derivative Site 007.1 (Test 2; Pumping Well TW 89-2)
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Fig. A2.11: Derivative plot - Site 007, Test #2, PW#TW89-2 
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Constant Discharge Test Site 007.1 (Test 2; Observation Well TW 89-1)
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Fig. A2.12: Log-log plot of drawdown versus time – Site 007, Test #2, OB#TW89-1 
 

Derivative Site 007.1 (Test 2; Observation Well TW 89-1)
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Fig. A2.13: Derivative plot – Site 007, Test #2, OB#TW89-1 
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Fig. A2.14: Study area for Site 007 - location of Wells #TW89-1, #TW89-2 and #TW89-3 
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Site 014 
 

• Pender Island 
• No site map available 
• Pumping Well PW#2 only 
• Significant changes in the pumping rate – data are impossible to interpret with any degree of confidence 
• No interpretation possible because of lack of site information 

 
 
Site 015 
 

• Galiano Island 
• No site map available 
• Pumping Well PW#5, with observation wells OB#2, OB#3 and OB#4 
• Radial flow evident at early time in PW#1, followed by negative boundary effects probably associated with 

unconfined conditions. 
• All three observation wells show evidence of linear flow at early time, which is somewhat inconsistent with the 

pumping well response. Radial flow occurs at mid time, followed by negative boundary conditions at late time. 
• No interpretation possible because of lack of site information 
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Site 018 
 
 
Location  Galiano Island 
Formation 
and 
geology 

Gabriola Formation – dominantly sandstone 

Type of 
test and # 
of wells 

Two pumping tests were conducted at this site. In Test #1, Well TS-5 was pumped and Well TS-4 was the 
observation well. In Test #2, Well TS-4 was pumped; there were no observation well data. Well TS-3 is located 
approximately 30 m from the other two wells, but the data for this well are not available. 

Results 
Method Theis   

Jacob 
2.1   

Jacob 
2.2   Gringarten   Recovery

Well # 
T 

(m2/s) S T (m2/s) S T (m2/s) S T (m2/s) S T (m2/s)
PW#TS-

5 
2.20E-

4 6591.6 2.94E-4 50.1 1.50E-4 12.1 1.02E-4 8.56 3.19E-4
OB#TS-

4 
8.36E-

3 0.0002 1.13E-2 0.00014 2.15E-2 
5.06E-

05 2.64E-6
1.34E-

06 0.18
PW#TS-

4 
3.18E-

6 2.72 2.77E-6 1.42 2.32E-6 1.60 1.43E-6 0.19 9.94E-6 
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Comments  Test #1  
 The data obtained from PW#TS-5 generally show linear flow throughout the test; perhaps attaining radial 

flow at the end of the test. This response is an indication of the fact that the pumping well is located 
relatively close to a fracture.  

 The data for OB#TS-4 are poor, resulting in a derivative plot that cannot be interpreted and a log-log plot 
that is quite variable. It is difficult to determine if this well experiences linear or radial flow throughout the 
test.  

 The well logs indicate the presence of numerous fractures in both wells, but at different depths between 
14 and 50 m, which may be the cause of the variable drawdown response. 

 Test #2 
 The response at PW# TS-4 is predominantly linear throughout the test, as evidenced by the increasing 

positive trend on the derivative plot. This reflects the proximity of a vertical fracture to the pumping 
well as indicated on the air photo map.  

 Throughout the test, there is also significant variability in the derivative plot, suggesting that either the 
pumping rate was not constant, or that individual fractures became dewatered as the drawdown 
increased. 

 General Comment 
 The values obtained for T are quite different for the two wells. TW-4 has the higher T values probably 

because of its location closer to the fracture zone that TW-5. In addition, the wells are of different depths 
(TS-4 is 145 m deep, and well TS-5 is 61m deep). 
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Pumping Test Site 018 - Test # 1 
 

Constant Discharge Test Site 018 (Test 1; Pumping Well TS-5)
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Fig. A2.15: Log-log plot of drawdown versus time – Site 018, Test #1, PW#TS-5 

 
Derivative Site 018 (Test 1; Pumping Well TS-5)
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Fig. A2.16: Derivative plot - Site 018, Test #1, PW#TS-5 
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Constant Discharge Test Site 018 (Test 1; Observation Well TS-4)
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Fig. A2.17: Log-log plot of drawdown versus time – Site 018, Test #1, OB#TS-4 

 
 

Derivative Site 018 (Test 1; Observation Well TS-4)
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Fig. A2.18: Derivative plot - Site 018, Test #1, OB#TS-4 
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Pumping Test Site 018 - Test # 2 
Constant Discharge Test Site 018 (Test 2; Pumping Well TS-4)
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Fig. A2.19: Log-log plot of drawdown versus time – Site 018, Test #1, PW#TS-4 
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Fig. A2.20: Derivative plot - Site 018, Test #2, PW#TS-4 
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Fig. A2.21: Study area for Site 018 - location of Well #TS-4 and Well #TS-5 



 77

Site 019-A 
 
 
Location  Gabriola Island 
Formation 
and geology 

• Geoffrey Formation – dominantly sandstone  
• Spray Formation – dominantly mudstone 
• Gabriola Formation – dominantly sandstone 

Type of test 
and # of wells 

Data from a total of 6 pumping tests are available for this site, including 2 multiple well tests:  
 Test #1: PW#TH-1 
 Test #2: PW#TH-2 
 Test #3: PW#TH-3, OB#TH-5 
 Test #4: PW#TH-8, OB#TH-9 
 Test #5: PW#TH-10 
 Test #6: PW#TH-11 

The results from the multiple tests are discussed in detail. Single wells tests are discussed in general. 
The table below provides the T and S values for all tests.  

Results 
Method  Theis   

Jacob 
2.1   

Jacob 
2.2   

Gringarte
n Recovery 

Well T (m2/s) S T (m2/s) S T (m2/s) S T (m2/s) T (m2/s) 
PW#TH-1 2.35E-5 10.02 2.56E-5 7.78 9.77E-5 .087 2.93E-5 0.07
PW#TH-2 2.26E-5 .056 2.36E-5 3.01 1.56E-5 1.97 2.00E-5 .13
PW#TH-3 2.44E-5 N/A 2.99E-5 N/A 8.01E-6 N/A 2.59E-5 5.20E-5

OB#TH-5  1.79E-4
0.0004

3 2.96E-4
0.0002

9 1.69E-4
0.0001

7 N/A N/A
PW#TH-9 1.39E-4 N/A 1.78E-4 N/A 1.33E-4 N/A 7.42E-4 9.81E-5
OB#TH-8 2.65E-6 N/A 2.89E-6 N/A 1.88E-6 N/A 2.81E-6 7.05E-6
PW#TH-

10 5.30E-5 49.8 6.08E-5 3.80 1.24E-5 4.21 3.98E-5 .36
PW#TH-

11 7.25E-6 5.57 1.26E-5 5.30 N/A N/A N/A N/A 
Comments  Test #1 

 Radial flow attained relatively early on; at about 10 minutes. No evidence of strong linear flow. The 
well is located at considerable distance to any major fractures as shown on the air photo map and in 
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the sandstone dominant Gabriola Formation. 
 Test #2 
 Extended period of linear flow, reflecting close proximity to a fracture zone. Possible radial flow at 

about 100 minutes. Late time data are highly variable. The well is located in the Geoffrey Formation. 
 Test #3 
 A linear response is observed at early time in PW#TH-3. The derivative plot is relatively smooth and 

horizontal at mid-time reflecting a period of radial flow.  
 The data for OB#TH-5 are difficult to interpret from the derivative plot. 
 PW#TH-3 is located in the Spray Formation (mudstone dominant) and OB#TH-5 in the Gabriola 

Formation (sandstone dominant), and both wells are located relatively close to a fracture zone. 
 T values are higher for well OB#TH-5, suggesting that the sandstone formation may be more 

intensely fractured than the mudstone formation in the vicinity of the fracture zone. This interpretation 
is consistent with the general conclusions of Mackie (2000). 

 
Note: The results obtained are subjects to major errors due to simultaneous pumping at other wells at 
the same time in the area. Therefore to eliminate most of the errors, we choose only the part of the 
curve that doesn’t interfere with the other pumping tests – see figure below showing the timing of all 
tests.  
 
 Test # 4  
 Data for PW#TH-9 are highly variable, which appears to be the result of a variable pumping rate 

coinciding with a step test.  
 The range of time for using the radial flow methods was determined by choosing the part of the curve 

where the pumping rate appeared to be constant. The mid-time part of the derivative curve 
corresponds to a constant pumping rate, and it also indicates a radial flow.  

 The data for OB#TH-8 show an extended period of linear flow, and in fact, radial flow does not appear 
to have taken place. This probably suggests that had PW#TH-9 been pumped at a constant rate that 
linear flow would have been observed. 

 Both TH-8 and TH-9 are located within the Spray Formation, but the wells are close together and also 
close to the intersection of a fault and a fracture zone, which likely is the dominant control on T. 

 The T values for PW#TH-9 are higher than those for OB#TH-8, but the poor quality of the data for this 
test preclude making a reliable interpretation. 

Test #5: 
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 Following a period of wellbore storage, PW#TH-10 appears to exhibit linear flow consistent with its 
proximity to the intersection of a fault and fracture zone at the site. Variability in the pumping rate at 
late time contribute it the irregularity of the curve. 

 Abrupt changes in the slope of the log-log graph may suggest multiple barrier effects consistent with 
fracturing and faulting near this well. 

 The well is located in the Spray Formation. 
Test #6: 

 Wellbore storage is evident up to 10 minutes in this test, followed by a period of linear flow. 
 It is difficult to determine if radial flow was attained during the test owing to the variability in the 

pumping rate, particularly at late time. 
 The well is located in the Geoffrey Formation, and near the edge of the fault. T values are lower than 

those in the Spray Formation, although the influence of faulting is definitely present. 
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Pumping Test Site 019A - Test # 3 
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Fig. A2.22: Log-log plot of drawdown versus time – Site 019A, Test #3, PW#TH-3 
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Fig. A2.22: Derivative plot – Site 019A, Test #3, PW#TH-3 
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Constant Discharge Test Site 019 A (Observation Well TH-5)
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Fig. A2.23: Log-log plot of drawdown versus time – Site 019A, Test #3, OB#TH-5 
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Fig. A2.24: Derivative plot - Site 019A, Test #3, OB#TH-5 
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Pumping Test Site 019A - Test # 4 
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Fig. A2.25: Log-log plot of drawdown versus time – Site 019A, Test #4, PW#TH-9 
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Fig. A2.26: Derivative plot – Site 019A, Test #4, PW#TH-9 
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Constant Discharge Test Site 019 A (Observation Well TH-8)
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Fig. A2.27: Log-log plot of drawdown versus time – Site 019A, Test #4, OB#TH-8 
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Fig. A2.28: Derivative plot – Site 019A, Test #4, OB#TH-8 
 
 

 

 
Fig. A2.29: Pumping times for Site 019 A.  
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Fig. A2.30: Study area for Sites 019A and 019B.  
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Site 019-B 
 
 
Location  Gabriola Island 
Formation 
and geology 

• Geoffrey Formation (sandstone dominant) 
• Spray Formation (mudstone dominant) 
• Gabriola Formation (sandstone dominant) 
• Edge of Nothumberland (mudstone dominant) 

Type of test 
and # of wells 

Data from 6 pumping tests are available at this site, including three multiple well tests. Two tests were 
conducted on different days at TH-13. Two maps were generated to interpret the results. 

 Test #1: PW#TH-12, OB#TH-13 
 Test #2:PW#TH-13 
 Test #3: PW#TH-13 
 Test #4: PW#TH-H1, OB#TH-H4 
 Test #5: PW#TH-H4, OB#TH-H2, OB#WN-2 
 Test #6: PW#TH-4 

Results 
Method Theis  Jacob 1  

Jacob 
2.2  Gringarten Recovery 

Well T (m2/s) S T (m2/s) S T (m2/s) S 
T 
(m2/s) S T (m2/s) 

PW#TH-
12 9.36E-5 N/A 9.79E-5 N/A 9.46E-5 N/A 8.38E-5 N/A 2.11E-4

OB#TH-
13 N/A N/A N/A N/A N/A N/A N/A N/A N/A

PW#TH-
13 5.12E-6 3.27 71.3E-6 4.04 6.81E-6 4.12 2.79E-6 .58 2.25E-5

PW#TH-
13 7.50E-6 86.4 1.03E-6 6.26 4.71E-6 .24 3.75E-5 5.00 2.03E-5

PW#TH-
H1 1.5E-4 N/A 1.15E-4 N/A 1.86E-4 N/A 1.10E-4 N/A 1.43E-4

OB#TH-
H4 2.93E-4

.00004
3 5.07E-4 2.8E-5 N/A N/A 7.0E-1 .0039 N/A

PW#TH- 5.63E-5 .29 1.14E-4 .00063 1.18E-4 .0013 8.13E-5 .0024 7.96E-5
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H4 
OB#TH-

H2 1.0E-4
.00005

6 1.50E-4 .00006 N/A N/A 1.7E-1
0.989

7 N/A
OB#WN-

2 8.1E-4 .00033 2.11E-3 .00014 N/A N/A N/A N/A N/A
PW#TH-

H4 6.66E-5 N/A 1.14E-4 N/A 1.18E-4 N/A 8.13E-5 N/A 7.96E-5 
Comments  Test # 1 

 The data obtained at PW#TH-12 (on map 1) are somewhat poor owing to the variable pumping rate. 
However, a radial flow period was identified from around 5 to 500 minutes. There is not strong evidence 
of linear flow.  

 This well is located in an area without any major fractures or faults. T values may be considered 
representative of the Geoffrey formation.  

 There are too few observation well data for OB#TH-13 (on map 1) to obtain any reliable estimates of T 
and S. 

 
 Test # 2 
 Linear flow is observed throughout most of the test.  
 TH-13 is located in the Gabriola Formation and at close proximity to a fracture zone (map 1). 
 Data from Test #3 are presented as they were of better quality 
 Test # 3 
 Long period of linear flow, consistent with this PW#TH-13’s position close to a fracture zone. 
 Data are of similar in character to those of the previous test, but are of better quality. 
 T values are entirely consistent between the two tests at this well. 
 Test # 4 
 Linear flow occurs early in the test in PW#TH-H1 from 1 to 100 minutes, followed by a brief period of 

radial flow. 
 Radial flow occurs at 100 minutes and lasts until 1000 minutes when the data become very irregular, 

probably due to the effects of a boundary (upward swing in derivative) 
 PW#TH-H1 (on map 2) is located in the Geoffrey Formation relatively close to a major strike slip fault. 
 OB#TH-H4 (on map 2) is located about 300m from the pumping well, also in the Geoffrey Formation, 

and is somewhat farther from the fault than the pumping well. 
 Both wells show the effects of linear flow and probably the effects of a boundary. Given the positions of 
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the wells in relation to the fault, these results are reasonable. T values are accordingly quite high for this 
test. 

 Test # 5 
 This test includes data for PW#TH-H4, and 2 observation wells, OB#TH-H2 and OB#WN-2. 
 The wells are all located in the Geoffrey Formation, and at variable distances to a major strike slip fault. 
 There may be a short period of radial flow early in the test in the PW#TH-H4, but a negative flow 

boundary is indicated. This negative boundary is consistent with unconfined conditions as reported in the 
original study by Allen (1999). 

 OB#TH-H2 and OB#WN-2 both show the effects of linear flow, particularly TH-H2, which is much closer 
to the fault than either of the other two wells. 

 Test #6 
 Same pumping well as in Test #5, but no observation wells. 
 Radial flow occurs at early time during this test, and a negative boundary is observed at mid to late time 

probably reflecting unconfined conditions. 
 TH-H4 (TH-4 on the map) is located in the Spray Formation and adjacent to the fault. 
 The response at the pumping well is similar to that observed in Test #5, but the data are more regular. 
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Pumping Test Site 019B - Test # 1 
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Fig. A2.31: Log-log plot of drawdown versus time – Site 019B, Test #1, PW#TH-12 
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Fig. A2.32: Derivative plot - Site 019B, Test #1, PW#TH-12 
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Pumping Test Site 019A - Test # 3 
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Fig. A2.33: Log-log plot of drawdown versus time – Site 019B, Test #3, PW#TH-13 
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Fig. A2.34: Derivative plot - Site 019B, Test #3, PW#TH-13 
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Pumping Test Site 019A - Test # 4 
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Fig. A2.35: Log-log plot of drawdown versus time – Site 019B, Test #4, PW#TH-H1 
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Fig. A2.36: Derivative plot - Site 019B, Test #4, PW#TH-H1 
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Constant Discharge Test Site 019 B (Test 4, Observation well TH-H4)
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Fig. A2.37: Log-log plot of drawdown versus time – Site 019B, Test #4, OB#TH-H4 
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Fig. A2.38: Derivative plot - Site 019B, Test #4, OB#TH-H4 
 

Pumping Test Site 019A - Test # 5 
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Fig. A2.39: Log-log plot of drawdown versus time – Site 019B, Test #5, PW#TH-H4 
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Derivative Site 019B (Test 6; Pumping Well TH-H4)
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Fig. A.2.40: Derivative plot – Site 019B, Test #5, PW#TH-H4 
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Fig. A2.41: Log-log plot of drawdown versus time – Site 019B, Test #5, OB#WN-2 
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Derivative Site 019B (Test 5; Observation Well WN-2)
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Fig. A2.42: Derivative plot - Site 019B, Test #5, OB#WN-2 
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Fig. A2.43: Log-log plot of drawdown versus time – Site 019B, Test #5, OB#TH-H2 
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Derivative Site 019B (Test 5; Observation Well TH-H2)
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Fig. A2.44: Derivative plot - Site 019B, Test #5, OB#TH-H2 
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Pumping Test Site 019A - Test # 6 
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Fig. A2.46: Log-log plot of drawdown versus time – Site 019B, Test #6, PW#TH-H4 
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Fig. A2.47: Derivative plot – Site 019B, Test #6, PW#TH-H4 
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Fig. A2.48: Pumping times for test 019 A.  
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Fig. A2.49: Study area of Sites 019A and 019B.  
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Fig. A 2.50: Study area of Site 019B.  
 
 
 
Site 039 
 

• Galiano Island 
• No site map available 
• Pumping Well PW#5, with observation wells OB#2 and OB#4 
• For all three wells, the derivative plot is difficult to interpret. 
• Radial flow appears to dominate the test, and there is no indication of 

linear flow. 
• No interpretation possible because of lack of site information 
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Site 040 
 

• North Pender Island 
• No site map available 
• Pumping Well PW#1 only 
• The derivative graph is too variable to be of use. 
• From the log-log graph, an early period of radial flow appears to be 

present. Then, at mid time there is a flattening of the curve (which 
corresponds to a decrease in the derivative), that may be associated with 
a negative boundary (possibly unconfined flow) 

• No interpretation possible because of lack of site information 
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Appendix 3.0 
Site Descriptions for Short Duration Tests 
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LEGEND

Pumping Well

Observation Well

Stratigraphic Contact

Fault Zone

Fracture Zone

N

Ga

Well #1

Well #4

Well #2

Well #3

Study Area for Testing Site 027
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N

0 200 400 600m

Ga

Well #1
Well #2

Well #4
Well #3

Study Area for Testing Site 028

Well 4- linear response
due to the fault zone in the 
Immediate vicinity and 
the effect of changing in 
the pumping rate 

Well 1- shows  the effect of changes in 
the pumping rate and the linear flow.  

Well 2- display a curve less 
steep due to the distance
 between well location and
the fault zone.

Well 3 -Linear relationship between
drawdown and time,  due to the 
proximity of a fault  zone.
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Pumping Well

Observation Well

Stratigraphic Contact

Fault Zone

Fracture Zone
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N

0 300 600 900m

Ga

Ga

Well #4

Well #2

Well #3

Study Area for Testing Site 029

Well 4-Linear relation between 
drawdown and time, in 
the vicinity of a fault zone

Well 3-Linear flow for a
 well located on a major fracture

Well 2 -Radial flow and the presence
of a boundary in a well located 
far away from a fault zone
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Pumping Well

Observation Well

Stratigraphic Contact

Fault Zone

Fracture Zone
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LEGEND

Pumping Well

Observation Well

Stratigraphic Contact

Fault Zone

Fracture Zone

N

0 1 2 3km

DC

Ga

BH-1
BH-4

BH-12

BH-13

BH-6
BH-10

BH-9

BH-7

BH-11

BH-14

BH-16
BH-15

BH-8
BH-19

BH-22

BH-20 BH-23

Bunk House Well

BH-2

BH-17

BH-3

BH-5

Study Area for Testing Sites 030A & 030B

Linear Flow - Pumping Wells
BH-1; BH-4; BH-7; BH-11; BH-12
BH-14; BH-17; BH-21

Radial Flow - Pumping Wells
BH-2; BH-6; BH-10; BH-15; BH-15
BH-18
Unknown type of flow due to 
poor data
BH-16; BH-22; BH-23  
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LEGEND

Pumping Well

Observation Well

Stratigraphic Contact

Fault Zone

Fracture Zone

N

0 200 400 600m

Ge

?

?

?

Ge

S

Ga

Well #11

Well #1

Well #4

Well #2

Well #5

Well #6

Well #10

Well #3

Study Area for Testing Site 032

Linear Flow - Pumping Wells
Well #1; Well #2; Well #4;
Well #5; Well #6; Well #10

Radial Flow - Pumping Wells
#11

Barrier - Pumping Wells
#3  
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LEGEND

Pumping Well

Observation Well

Stratigraphic Contact

Fault Zone

Fracture Zone

N
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Well #1
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Well #3

Study Area for Testing Site 035

Linear flow - Pumping Wells
Well #2; Well #3; Well #4

Radial Flow - Pumping Wells
Well #1
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