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Summary 
 
Sour gas well flare production tests in northeastern British Columbia were 
evaluated over a four year period.  Twenty four wells were evaluated; a total of 
seventeen wells with a variable percentage of H2S in the gas were monitored 
prior to and after the flare tests.  Injury to vegetation at sour gas well sites was 
caused by several factors, including sulphur dioxide.  However drought, climate 
and mechanical injury caused by tree removal and pad creation as well as saline 
compounds are also important factors influencing vegetation response.  The 
results generally show that sour gas well flare tests (with the parameters included 
in the eight well flare test examples discussed in this report) conducted in 
summer months can have small amounts of vegetation damage, especially at 
well pad edges.  Trees on the pad edge should be managed more carefully. 
Dead and injured trees on the pad edge have the potential to introduce disease 
and fire hazard.  
 
Winter time exposures can be considerably higher than the volumes / 
concentrations / duration times observed in the summer exposures and still have 
no visible effects. Non-visible impacts, as indicated by an elevated sulphate-
sulphur to estimated organic sulphur ratios were not consistently evident except 
in the higher concentration / duration winter exposures. None of the well flare 
tests included in the 16 pre and post-flare assessments approached the severity 
of the flare event at d-13-G/93-I-9 observed by Legge and Jaques (2001).  This 
implies that the ground level concentrations at all of the wells observed in this 
study were below an ‘unacceptable level of injury’.  The H2S% is a relatively 
robust indicator of potential ground level concentrations.  In mid-winter, when 
temperatures drop below 20 degrees Celsius, conifers are in a dormant state and 
tend not to react to sulphur dioxide exposures.  
 
Lichens of the genus’s Peltigera, Hypogymnia and Bryoria all tend to accumulate 
sulphur in tissue when concentrations of sulphur dioxide exceed 1 ppb 
(approximately). These plants have a higher accuracy for showing impacts of 
sour gas well flare tests than any other receptor.  Lichen thalline sulphur 
concentrations are still below background levels in most of the sour gas field area 
of interest but tend to be “enhanced” around continuous sources, such as gas 
plants and older sour gas wells with glycol dehydrators.   
 
The flaring guidelines are conservative and adequately protect vegetation. 
Flaring could be restricted to winter months to avoid injury. Summer flaring has a 
higher probability of causing injury because most vegetation is metabolically 
active. Appropriate training and knowledge to evaluate the impact of well flare 
tests mentioned in the guidelines is required.  Future monitoring of sour gas well 
flare tests with higher than 5% H2S should occur prior to site development to one 
month past the flare, and should take into consideration confounding factors. The 
attention of this monitoring should focus on plans for remediation, where 
necessary. The development of a monitoring protocol for sour gas well 
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development is highly recommended.  The protocol must include some flexibility 
and professional judgment.  
 
Data from this project could be useful for the design and implementation of a 
regional cumulative effects study that is based on real field data, as opposed to 
models, and would provide baseline and comparative benchmarks for assessing 
the impacts of gas well development in B.C.  
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Background 
 
This project is an examination of the effects of sour gas well test flaring on the 
vegetation resources of northeastern B.C.  Between the fall of 1999 and the fall 
of 2003, a series of sour gas well production tests were evaluated in northeastern 
B.C.  With sponsorship from Talisman Energy, Canadian Natural Resources Ltd, 
and Burlington Energy, several well sites were visited prior to and after the flare 
tests.  Some wells were assessed repeatedly in years following the flare tests, 
and some wells were only evaluated once, post-flare. This paper provides a 
review of the vegetation and passive monitor data from these tests, as well as 
evaluating confounding factors, expression of injury and other issues surrounding 
the impacts of sour gas well flaring on the vegetation of northeastern B.C.   
 
 
Scope 
 
Sour gas well production tests may 
result in brief exposures of sulphur 
dioxide (SO2) to the environment, 
which can be toxic to vegetation and 
may results in a change of foliar 
sulphur status and/or expression of 
characteristic injury (see right).  
(Examples of visible injury are also 
shown in Appendix 1).  Modeling of 
exposures for most of the wells 
included in this document (see 
compendium of model documents in 
Appendix 1) indicated the potential 
for exceedances of the B.C. 
provincial guidelines for sulphur dioxide emissions.  
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There is only one unpublished paper (discussed below) describing the effect
a well flare test in northeastern B.C. where vegetation was severely injured 
(Legge and Jaques 2001).  Most of the published literature on sulphur dioxide 
impacts on vegetation is based on carefully controlled experiments, often wit
standard plant stock, controlled growing conditions and precisely measured 
sulphur dioxide dosages.  Field experiments are less common; they are often 
conducted in open-topped growth chambers and semi-controlled conditions. This
project was conducted between the autumn of 2000 to the autumn of 2003 (o
pre-project well test in 1999 was included) and was done in completely n
controlled environments at different times of the year, with variable gas 
concentrations, exposure durations, meteorological conditions, topography
therefore dispersal), and in variable receiving environments.  As often as 
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possible, the same species of receptor vegetation were retained at each sit
However, due to differing species compositions, even this was not always 
achievable. Therefore, this document is intended to show general trends in 
responses of vegetation to well flare tests in order to provide recommendation
as to when, and under what circumstances, negative impacts from well flare 
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sting are most likely to occur, and how they can best be minimized or avoided. 
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formation summaries for these casual observations are provided in Appendix 2.  
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completed in 2003, following an 
xtension on this report to obtain these data.  
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ith particular emphasis on the methods used here is discussed below.  
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were also made at a number of well sites identified in the Oil and Gas 
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This project depended on the verbal communication between industrial person
involved in the drilling or exploration of potential natural gas sources and the 
author of this document, and as such was held completely confidential.  Mo
the well tests discussed in this document were reported individually to the 
industrial clients in the months following the tests. The results of each of the tests 
are summarized in Appendix 1.  Some well tests were evaluated a posteriori, i.e.,
after the flare test only, and not before.  There are limitations to these data such
as; long term operational impacts possibly over-riding the influence of the
test, effects following the tests may have been missed, or the vegetation 
recovered in the interval between the test and the post-flare assessment. The 
in
 
This report deals primarily with response of conifers and lichens to sour gas we
flaring.  Use of deciduous trees, shrubs, and herbs were not included primarily
because most of the preliminary tests included in this study took place in th
winter months, when these plants were under snow or without leaves1. An 
equivalent number of summer flare tests were 
e
 
Engineering details and emissions characteristics are not covered in this report
although summary details are provided in Appendix 1, where they were mad
available. This document is not meant to be a comprehensive review of the 
impacts of sulphur dioxide on vegetation.  For this information and discussion, 
other publications are highly recommended; such as Legge et al. (1998), and Bell 
and Treshow (2002).   A brief discussion of the mode of action of sulphur
w
 
 
O
 
The purpose of this report is to document the effects of sour gas well production
test flares on vegetation using changes in symptoms, foliar sulphur chemistry, 
and lichen chemistry from pre to post-flare test.  Sulphur dioxide concentration
were estimated using passive sulphur dioxide monitors.  Casual observ

 
1 Although tree bark and tree rings have been used to evaluate long-term exposures to 
substances including sulphur dioxide (Kuik and Wolterbeek 1994; Takala et al. 1991), acute 
exposures are more often evaluated using other techniques including lichen or vegetation 
chemistry and expression of symptoms.     
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Commission records as having high H2S concentrations in the natural gas, and 
long duration well flare tests.  
 
 
Methods 
 
Sour gas well production tests may result in exposures of variable duration and 
concentrations of sulphur dioxide (SO2) to vegetation. In order for a well test to 
be considered for pre and post-flare biomonitoring, modeling of emissions 
behavior indicated that exposures would likely be in exceedance of the B.C. 
Provincial Guidelines for sulphur dioxide emissions.  Current policy is to issue 
permits for flaring that confine flaring episodes to periods within a set of favorable 
meteorological conditions accepted by the Oil and Gas Commission and the 
Ministry of Environment (Legge 1995).  The well sites included in this document 
had variable durations and concentrations of sulphur dioxide, and occurred in 
winter or summer in mountainous terrain. These wells ranged between 4.08% 
and 30.7% (mean 15.06%) H2S content in the gas.  Because pre-test modeling 
predicted elevated levels of sulphur dioxide with the potential to cause foliar 
damage in the vicinity of the well, a vegetation assessment was conducted prior 
to and after the flare test to determine the occurrence and magnitude of injury.   
 
Study Area 
 
Two main sour gas fields were considered in this study, but only the Grizzly 
(southeast corner of Figure 1) to Sukunka drainages provided pre and post-flare 
data for consideration.  Figure 1 shows the distribution of the well flare tests in 
the Grizzly to Sukunka Valleys, and Pine Plateau area of interest.  The post-flare 
(only) assessments were completed primarily in the Blueberry area north of Fort 
St. John (not shown in Figure 1).  
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Figure 1.   Locations of sour gas well flare tests with pre- and post-flare vegetation 

response data, near Tumbler Ridge and Chetwynd, B.C.  
 
Data characteristics and completeness  
 
A total of 24 wells were observed.  Complete field data were collected for 
seventeen of these wells (Appendix 1).  Comprehensive data for each well 
consisted of installed, exposed and collected passive monitors, pre and post-flare 
collections of lichens and conifers, symptom records and modeling data. The 
grounds for not including some wells in this paper are that they had incomplete 
data or were never flared.  Some wells could not be assessed properly post-flare 
because of restricted access, and in one case passives were not used.  Also, 
some locations were missing comparable species of lichens or conifers.  
 
A range of H2S contents, durations, sulphur dioxide concentrations and season 
of flare tests were covered.  Eight well tests for which complete data sets exist 
occurred in winter (October to March) and eight in summer (April to September). 
The classification used for ‘winter’ versus ‘summer’ may not be the consistent 
with the literature, but in the area of interest, this period roughly covers the time 
when sites have snow-cover, or not.  Actual dormancy was not estimated.  It was 
assumed that the winter exposures took place during a relatively slow metabolic 
period.   
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Aside from the well flare data obtained, additional well flare data was supplied by 
R. Slocomb (2001).  Data from the Oil and Gas Commission (OGC) was used to 
identify summer and spring flare tests with high concentrations of sulphur 
dioxide, as these were thought to be most susceptible to injury from sulphur 
dioxide.  A summary of the findings from this list of wells is shown in Appendix 2. 
The OGC data was sorted by time of the flare test (from March to September) 
and by concentration of H2S (Appendix 3).  Smaller volume flares were removed 
from the short-list of well sites to visit.   
 
Assessment methods  
 
Two methods for evaluating injury to vegetation at well flare test sites were used.  
 

1. Detailed assessments; it was possible to evaluate the condition of the 
vegetation prior to the well flare test and again after the well flare test.  
Site visits were conducted; plots were established in areas predicted to be 
impacted or in the direction of prevailing winds near the well site. These 
were re-evaluated after the flare test.  In some cases, it was possible to do 
repeated evaluations periodically over time. 

 
2. Selected post-flare assessments; it was not possible to know the condition 

of the vegetation prior to the flare.  Site visits were conducted, and injury 
was described by staff trained in recognizing sulphur dioxide exposure 
symptoms.  

 
Pre versus post-flare methods:  
 
Overall layout 
 
In the detailed pre-flare assessment and installation of biomonitoring plots, the 
pre-flare modeling documentation was reviewed, if available.  The on-site drilling 
foreman was contacted and permission to work off lease was obtained.  The site 
and surrounding area was observed and compared to the model isopleths.   
 
Biomonitoring plot site selection 
 
Prospective biomonitoring sites were selected based on maximum potential for 
exposure to sulphur dioxide.  For the first few wells, plots were located in the 
areas predicted by the model to receive high exposures, but predicted injury was 
found to be too disjunct from the well pads at distances as far away as 3 
kilometers. Once it was noted that injury patterns tended to be closer to the well 
pad edge, stations were established around the well pad, as well as in the areas 
predicted by the models.  In all but the first well (c-12-L) within this study, at least 
one biomonitoring station was placed on the edge of the well pad.  
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In some cases pre-flare modeling was not available in time for the plot 
installation.  Even if the pre-flare model was available, each site was assessed 
individually using both field interpretation and meteorological data.  Prevailing 
wind direction was not always reliably shown in the earlier pre-flare modeling (i.e. 
circa 1999  to 2001); therefore, noting the wind-pruning patterns on exposed 
ridge-growing trees was often used to discern the direction of the prevailing wind.  
Prevailing wind direction and topographic characteristics, such as ridges, nearby 
steep hill sides, exposed promontories, etc. were thought to be likely maximum 
exposure areas.  An average of 6 (minimum of 4) locations were established at 
each well. Well pad edges consistently received at least 2 monitoring stations 
and up to 20 biomonitoring stations were placed in areas predicted to receive 
maximum sulphur dioxide exposures. A typical installation is shown in Figure 2. 
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Figure 2.   Example of the layout for biomonitoring plots at a sour gas well flare test 

(Location is well site b-66-F/93-P-5). 
 
In most cases, trees on the edge of forest openings (i.e. edges) were used for 
the installation of monitors.  Forest edges are known to receive up to 4 times the 
concentrations of both particulate and gaseous air pollutants than closed forests 
(Weathers et al. 2001).  However, some closed forest sites were included based 
on the model predictions.  
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Biomonitoring plot installation: field procedures  
 
At each well site Maxxam passive monitor rain shelters were installed in 
openings, usually by mounting them on a 14 to 16 inch dbh (diameter at breast 
height) coniferous tree stem, as high as possible.  Branches adjacent to the 
monitor were pruned to reduce interception of emissions at the filter surface.  
Passive filters were installed in the rain shelter facing downward.  Each well flare 
test received an average of two filters per rain shelter (i.e. per biomonitoring 
location).  Three replicates of exposed mid-crown conifer foliage were collected, 
using pole pruners and rubber gloves, from three separate trees within the plot at 
each station.  Sub-alpine fir (Abies lasiocarpa) was collected wherever it was 
available, followed by lodgepole pine (Pinus contorta) and white spruce (Picea 
glauca) if no other conifer species were present.  Trees from which pre-flare 
collections were made were marked with flagging tape so that a comparative 
replicate could be collected after the flare.  Tissue from sulphur sensitive lichen 
species were collected as they occurred in areas around each monitoring 
location.  If sampled during the winter, only arboreal lichens were collected; 
primarily Hypogymnia physodes or if this was not available, Bryoria sp. (mainly 
fuscescens).  Ground-dwelling lichens such as 
Peltigera canina were also sampled if not 
covered by snow, as they absorb sulphur in 
direct proportion to ambient air concentrations.   
 
At each biomonitoring station for a given well 
production test, tissue and lichen collections 
were made, plant lists and soil samples were 
taken of surficial litter-fiber-humus (LFH) layers 
and mineral soil at a depth of 20 cm.  Soils and 
LFH layers were archived.  Photographs were 
taken of exposed vegetation in areas believed to 
be susceptible to injury (models were used to 
assist where they were available).  As plots were 
being established, traverses were made around 
the area surrounding the well site, and a list of 
forest pathogens, both past and present, were 
noted.  Conifer tissue samples were placed in 
plastic Ziploc© bags in the field; they were labeled and stored in coolers until 
arrival at the labs either in Victoria or Castlegar, B.C.   
 
 
Biomonitoring plot installation: laboratory procedures  
 
Conifers were taken from cold storage within 1 to 3 days of collection,  clipped 
into present and past year’s growth; each year’s clippings were then stored in 
individual paper bags.  Lichens were cleaned of bark, soil, rocks, etc., but not 
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rinsed in water. They were also stored in clean paper bags.  All bags were re-
labeled with their field numbers, then left to air-dry at 14°C for approximately two 
weeks.  Once dried, the tissue was coarsely ground in a stainless steel mill.  
Between samples, the mill was thoroughly cleaned with ethyl alcohol, rinsed with 
distilled water, and then dried with clean paper towel.  Samples were then issued 
a unique identifier (chain of custody number) which subsequently followed each 
of the samples through the various stages of shipping and laboratory analysis.  
Prepared samples were sent, with a chain of custody spreadsheet (in electronic 
and hardcopy formats), to Pacific Soils Analysis Inc. laboratory in Richmond, 
B.C., for sulphur chemistry analysis.  The lab was contacted and advised that the 
samples had been shipped and the waybill information was relayed.  The original 
waybills were kept on file.  Samples were always shipped to the lab as soon as 
possible in order to minimize sample degradation. 
 
Sulphate sulphur (in conifers only) was determined using a method adapted from 
Johnson and Nishita (1952).  A single gram aliquot of conifer tissue was boiled in 
dilute 0.1 N HCI for ten minutes, then a 2 ml aliquot was removed to a flask.  
Concentrated hydriotic, formic, and hypophosphoric acids were then added.  This 
solution was bubbled through with nitrogen gas diffusion, followed by the trapping 
of sulphur nitrates with a sodium hydroxide catalyst.  A bismuth nitrate yellow 
indicator was used to reveal a colour change, which was then read by 
spectrophotometer.  
 
Total sulphur in tissue samples was determined by flame spectrophotometry in 
the LECO furnace.  A split sample of tissue used in the sulphate determination 
was weighed into the crucible and incinerated.  The colored flare was read as 
parts per million (ppm) of the dry weight of the sample. 
 
Organic sulphur in conifers was estimated by subtracting the sulphate sulphur 
(SO4-S) from the total sulphur for each split sample of foliage.  Inorganic to 
organic sulphur ratios (Si:So) were calculated by dividing the total available 
sulphur by the estimated organic sulphur. In some cases both green and 
adjacent reddened tissue were analyzed.  
 
Most soils were archived, as short duration flares were suspected to have a 
negligible effect on soils, either through soil acidification or sulphate fertilization 
effects.  Soils were analyzed for one well site, however. This method is shown in 
Appendix 4. 
 
Ambient sulphur dioxide concentrations recorded by the passive monitoring 
systems were calculated by Maxxam Analytics based on a comparison with a 
field blank, using the real-time exposure period, wind speed, and an estimate of 
relative humidity.  Analysis involves extracting sulphur dioxide from the filter 
using de-ionized water and hydrogen peroxide.  The extract is then analyzed for 
sulphate using Ion Chromatography (IC) (EPA method 300.0 cited in Maxxam 
Analytics Inc., 1997).   
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Post-flare procedures 
 
Following a well flare test, clearance was obtained from well owners to re-visit 
the site.  Any signs of injury or symptoms of exposure to sulphur dioxide were 
noted and replicate photographs were taken.  At each monitoring station, the 
exposed sulphur dioxide passive filters were removed from the rain shelter, 
sealed in resealable bags and placed into the original protective canisters. A new 
pair of latex gloves was worn at each monitoring station.  The rain shelter was 
then removed from the tree.  Photographs were taken at each site.  Lichens and 
conifers from marked trees (from the same pre-flare collection sites), preferably 
from the same branch were collected using the similar methods as described 
above.  Similar methods of storage, transport, clipping, drying, grinding and 
analysis as for the pre-flare dataset were employed.  
 
 
Analytical Methods for Pre versus Post-flare well test data:  
 
Sulphur dioxide, especially acute exposures, usually causes visible and 
diagnostic injury to vegetation (Legge et al. 1998; Malhotra and Blauel 1980). 
Typical symptoms of injury were recorded and distinguished from other 
pathological conditions.  This was achieved with the aid of several diagnostic 
guides (Henigman et al., 1999; Callan 1998; Hiratsuka et al, 1995; Allen et al, 
1996; Ziller 1974; Coates et al., 1990) as well as field interpretation of soils and 
vegetation.  Atlas reference (Legge et al. 1998, Malhotra and Blauel 1980) 
photographs of tissue samples identified by Dr. Legge as having acute exposure 
injury to sulphur dioxide during various field trips to northeastern B.C. were also 
used.  
 
Pre and post-flare symptom tables were compiled and photographs were taken, 
these are stored in binders and can be made available on request.  The pre and 
post-flare conifer and lichen sulphur chemical analysis results were compiled, 
along with dates and durations of the flares, post-flare predicted sulphur dioxide 
concentrations, and Maxxam Analytics-measured concentrations.  Response 
data was considered to be a change in total sulphur concentration in lichens from 
pre to post-flare, change in total sulphur, sulphate and sulphur inorganic to 
organic (Si:So) ratios in conifers and variation in Maxxam Analytics monitor data 
in relation to post-flare predicted sulphur dioxide concentrations and durations. 
Not all of these data analyses are shown in this document however, they are 
presented in Appendix 1.  Bar graphs and boxplots of the data were used to 
examine the distribution of the response data.  Tukey’s boxplots. SystatTM and 
SygraphTM statistical packages were used. Tukey’s box-plots are a visual method 
of showing statistically significant differences (p<0.05) between data distributions 
from sequentially sampled populations (Tukey, 1977; Velleman and Hoaglin, 
1981; Wilkinson et al., 1992).    Comparisons of summer versus winter response 
data were made.  Analysis of variance and regression of concentration of 
ambient sulphur dioxide versus change in total sulphur and change in inorganic 
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to organic sulphur ratios were completed. The symptom data for each of the 
seventeen wells for which complete data is available were tabularized.    
 
Post-flare test site assessment methods 
 
The diagnosis of injury following well flare tests, when little was known of the pre-
flare condition was more uncertain than pre versus post-flare comparisons.  Only 
those flare test areas with known injury (e.g. B.P. Amoco South Grizzly, Marten 
Creek) or well flare tests that had high concentrations of H2S, spring and summer 
exposures, and high total gas volumes were evaluated.  Discussions with other 
investigators (A. Legge pers comm. 2001), or industrial or government agency 
people with first-hand experience of the events in question were utilized.  Well 
sites with no pre-flare data were visited in July and August of 2001.  A traverse 
was made around the well site and in the direction of prevailing wind, using 
available meteorological data (Meyer pers. com. 2001).  Collections were made 
of lichen and conifer tissue at varying distances from the well site and at the edge 
of the well pad, where available, and archived for later analysis, if deemed 
necessary.   
 
Symptoms of past acute injury from sulphur dioxide are difficult to distinguish 
from other injury, particularly if the well is still flaring, or if a long time has passed 
since the flare event.  Most of the post-flare assessments were done within 24 
months of the event, or sooner.  For the above reasons, however, post-flare 
assessments have a degree of uncertainty associated with them that may not be 
acceptable, depending on the environmental conditions existing at the well site. 
Clearing of vegetation, removal of injured trees, and subsequent drought injury or 
disease are all factors that tend to mask the effects of the well flare event itself. 
These interactions were described for each site.  
 
 
Results and Discussion 
 
The results of each of the sixteen well flare tests for which complete data sets 
are available are presented in Appendix 1, followed by a list of post-flare test 
(only) assessments in Appendix 2.   
 
Sulphur dioxide concentrations 
 
The range of summer and winter flare sulphur dioxide concentrations as 
indicated from the Maxxam passive monitors are shown in Figures 3a and 3b, 
below.   
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Figure 3a.  Sulphur dioxide concentrations (as measured by 

Maxxam passive monitors) during summer well flare tests. 
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Figure 3b.  Sulphur dioxide concentrations (as measured by 

Maxxam passive monitors) during winter well flare tests 
 
Figures 3a and 3b show that site variance in sulphur dioxide is higher in winter 
than in summer and that concentrations in the passive monitors were generally 
higher in winter than in summer.  Figures 3a and 3b also indicate that although 
the pre-flare modelling predicted all sixteen wells to potentially exceed B.C. 
Provincial guidelines for 1-hour, and sometimes 24-hour exposures, the passive 
monitors did not record particularly high concentrations.  This is likely due to the 
fact that the passive filters are a per day average of ambient SO2 and were 
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subjected to non-flare conditions for the majority of their exposure periods; some 
of which were quite long.  Monitors were set out prior to the flaring event and 
were decommissioned sometime after the flare depending on permission granted 
for site accessibility.  Other variables that contributed to long exposure periods 
include delays in the drilling operations or flaring approval and road construction 
that restricted access. If concentrations had been higher, vegetation symptom 
expression might have been more immediate; for example, most of the response 
to exposures as high as 5 ppm (5,000 ppb or 13,300 µg/m3) occurs within the 
first 3 hours of exposure (Dochinger and Jensen 1975).  The highest 
concentration recorded by the passive monitors, over a very short exposure 
period of 11 days (c-97-J/93-I-10) was 12.11 ppb.   
 
Figure 3c (below) shows the relationship between measured sulphur dioxide 
concentration recorded by the Maxxam Analytics passive monitors and the H2S 
concentration of summer and winter flare tests. 
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Figure 3c.   Sulphur dioxide concentration measurements from the Maxxam Analytics 

monitors versus H2S concentration in summer and winter flare tests. 
 
Although based on a limited sample size, Figure 3c indicates a tentative 
relationship between measured H2S (hydrogen sulphide) and the monitored 
sulphur dioxide concentration for each well site, during the higher concentration 
winter exposures, where data were available.  Hydrogen sulphide concentrations 
in natural gas appears to be the best predictor of potential sulphur dioxide 
concentrations, but even with this questionable predictability there is still 
considerable variability in vegetation response, as seen below.  
 
The following section shows a summary of the pre and post-flare condition of 
vegetation at each of the seventeen well sites and the season in which they were 
flared. 
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Changes in plant condition; pre- versus post-flare 
 
Table 1 shows a summary of the pre and post-flare condition of vegetation at 
each of the well sites. 
 

Well Site Pre-Flare Conditions Post-Flare Conditions 

b-91-L/93-P-5 

Minor mechanical damage from well 
pad construction. Winter flared. 

No discernable response to sulphur dioxide 
in vegetation. Minor reddening and 
mechanical injury to pad edge trees 
reduced in severity, fine branches and red 
needles dropped.  

c-42-K/93-P-5 

Several lodgepole pines on thin 
soils appeared chlorotic and 
possibly suffering from a nutritional 
deficiency. Wind-pruning and loss 
of needles from recent years growth 
due to drought evident in exposed 
locations. Winter flared. 

Minor sulphur dioxide injury to lodgepole 
pine noted to the northeast of the lease, in 
the area predicted to have received the 
greatest concentrations of emissions. This 
site was re-visited the following summer; 
injury has recovered over time (red needles 
have dropped), no new injury.  

d-50-C/93-P-5 

Moderate climatic injury to conifer 
species, minor mechanical injury 
and exposure of roots due to well 
pad construction. Summer flared. 

Severe localized injury, expressed as 
needle reddening and mechanical injury to 
conifers and shrubs, on north and east 
edges of well pad.  Symptoms not 
consistent with sulphur dioxide, blasting for 
well pad construction is suspected. 

c-38-C/93-P-5 

Moderate levels of mechanical 
injury at lease edge due to well pad 
construction. Fluctuating water table 
induced injury: wet sites adjacent to 
this lease have accumulated 
standing water, and recently killed 
trees are present prior to the well 
flare test. Winter flared. 

No changes in symptoms occurred since 
the pre-flare assessment. 

d-33-H/93-P-4 

Winter injury and mechanical injury 
to sub-alpine fir due to well pad and 
road construction. Winter flared. 

Tree condition showed slight improvement 
from pre to post-flare, no discernable 
response to sulphur dioxide in vegetation 
was noted. 

c-86-E/93-P-3 

The forest adjacent to this lease 
has been heavily impacted by 
emissions from the neighbouring 
gas plant (d-77-E/93-P-3); with 
recent as well as old injury. Also, 
sub-alpine fir displayed chlorotic 
needle ends possibly due to winter 
injury; crown thinning was evident, 
probably attributable to poor 
nutrition and competition (crowded 
stand).  Residual and recent 
sulphur dioxide injury was noted on 
windward sides of trees at most 
stations.  At the well pad extreme 
crown thinning and large pitch 
tubules were noted in the adjacent 
sub-alpine dominated forest.  
Winter flared. 

No significant changes in symptomology, 
some increased defoliation.  Distinguishing 
injury solely due to the c-86-E well flare test 
was difficult due to the circumstances 
outlined in the pre-flare description.  
Mountain pine beetle galleries present.   
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b-77-J/93-I-14 

Old winter injury and minor 
mechanical damage at pad edge.  
Slight chlorosis of needles on sub-
alpine fir and spruce.  Summer 
flared. 

Little change in forest pathology from pre-
flare assessment.  Some shrub species, 
however, have since been damaged by leaf 
foraging insects. 

c-83-K/93-P-4 

Minor mechanical damage and 
compaction of materials around tree 
roots due to well pad construction 
and selective harvesting.  Minor 
needle reddening from climatic 
injury.  Winter flared. 

Present but slight needle reddening 
commensurate with sulphur dioxide injury at 
one location to the west of well, otherwise 
no significant change from pre-flare 
assessment.  

b-79-J/93-P-4 

Moderate mechanical damage and 
compaction of materials around 
roots of sub-alpine fir due to well 
pad construction.  Moderate wind-
shearing to crowns bordering well 
pad.  Desiccation injury at dry sites.  
Summer flared. 

Slight increase in needle reddening and 
wind-shearing to branches facing lease.  

d-7-E/93-P-3 

A large fire-killed stand of dead 
timber occurs to the northwest of 
the well, in the area predicted to 
receive the greatest concentrations 
of sulphur dioxide.  Minor wind 
shearing and other fire history were 
also evident.  Tree death from 
competition in an overgrown post-
fire stand was also noted in most 
plots. Needle blight was observed 
on sub-alpine fir, estimated to be 
approximately 2 years old.  There 
was evidence of flooding injury due 
to poor road culvert installation 
directly north of the well, and 
mechanical injury from wind fallen 
trees as well as soil slumping in 
areas north of the well in the creek 
channel.  No pre-existing injury 
could be misconstrued as sulphur 
dioxide effects in the pre-flare 
assessment. Summer flared  

Approximately fifteen trees displayed 
partially dead or dying crowns at the lease 
edge, these symptoms appeared to be 
caused by a combination of hot salt water 
depositional injury as well as sulphur 
dioxide injury associated with flaring. Acid 
gas exposure similar to d-13-G is also 
possible (Legge and Jaques, 2001) 

b-66-F/93-P-5 

Desiccation injury to lodgepole pine 
and minor mechanical injury due to 
well pad construction.  Winter 
flared. 

Slight injury at one location less than 1 km 
from the well site on the pipeline. No 
dramatic change of injury expression from 
the pre-flare assessment. 

c-97-J/93-I-10 
Moderate frost injury and wind 
shearing. Winter flared. 

No clear records of injury that could be 
attributed to an acute exposure of sulphur 
dioxide were noted. 

c-46-H/93-P-4 
Minor mechanical injury due to well 
pad and road construction. Summer 
flared. 

No injury attributable to exposure of sulphur 
dioxide. 

a-2-E/93-P-3 

Severe needle reddening confined 
to pad edge; cause is unknown, 
though well pad construction is 
suspected; injury is in an area 
effected by blasting, i.e. moderate 
root exposure and mechanical 

Increase in needle reddening and 
defoliation of residual injury at pad edge, 
especially to eastern and northern sides.  
No other significant changes in forest 
pathology. No injury noted in outlying 
stands. 
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damage. Minor winter injury and 
wind shearing. Summer flared. 

b-3-G/93P3 

Minor mechanical injury due to well 
pad and road construction. Minor 
climatic injury (sunscald and frost). 
Shrubs have minor insect damage.  
Summer flared. 

Slight increase in insect related damage to 
shrub community.  Minor sulphur dioxide 
injury at station to the east of the well within 
area predicted to receive greatest ground 
level concentrations, recoverable with time.  

c-12-L/93-I-9 

Minor insect damage and root 
disease (possibly Inonotus 
tomentosus). Summer flared. 

No indication that pre-flare conditions were 
exacerbated by flaring. Minor acute sulphur 
dioxide injury was noted approximately 
125m northeast of the well along a forest 
edge. 

c-43-I/93-I-14 

Winter injury evident in all plots, 
appearing as bleached or reddened 
leaf tips on exposed needles of 
lodgepole pine. Approximately 70% 
from current year, 30% appears as 
older than current year. Summer 
flared.  

No change in symptom expression following 
the flare-test.  

 
 
Examples of most of the expressed injury at the well sites shown in Table 1 are 
illustrated in Appendix 1. Table 1 indicates that expressed sulphur dioxide injury 
to conifers is often coincident with drought and winter injury.  Winter injury is 
described by Henigman et al. (1999) as “…reddish-brown discoloration of 
foliage…as a result of a combination of climatic conditions. The unseasonable 
occurrence of warm dry winds by day, followed by cold air drainage at night leads 
to desiccation injury.  Frozen soils do not allow lost moisture to be replaced 
quickly enough, and affected needles discolor and eventually shed.  Symptoms 
are often more pronounced in the upper crown and on the sides of trees facing 
the prevailing wind.  Unopened buds are usually not harmed.”  This type of injury 
is common in the area of interest and was noted at Babcock Mountain in March 
of 2002, where an unseasonably warm spell was followed by a severe cold snap. 
Windward trees at these sites have since been noted to have green shoots 
emerging from persistent red foliage.   
 
Table 1 also indicates that sulphur dioxide injury seems confined to areas close 
to the well pad, or exposed areas near the well pad (e.g. d-7-E/93-P-3, c-42-
K/93-P-5, c-12-L/93-I-9). The earlier models used in the layout of plots had some 
high concentrations predicted at 2 to 4 kilometers from the well.  However, injury 
at distances greater than 1 km was noted to be extremely rare; injury distinctly 
attributable to the flare test at distances greater than 1 kilometer was only noted 
at c-38-C/93-P-5 (aka d-39-C) and b-3-G/93-P-3.  At the latter site, injury was 
confined to outer branches of less than 5 individual trees at approximately 1.1 km 
from the well, and is expected to recover over time. 
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For those wells that were re-visited in the summer following the well test  (d-7-
E/93-P-3, b-66-F/93-P-5, c-42-K/93-P-5) the occurrence of injury was not as 
evident six to eight months after the flare than in the period directly following the 
flare. This was simply due to the fact that the “evidence is gone”2, namely 
reddened needles had since fallen from the trees, leaving thin, but relatively 
green residual tree crowns with a somewhat poor appearance.  The lichens at d-
7-E/93-P-3 noted to be abundant and diverse in the pre-flare assessment in June 
3, 2000 were in poor physical condition in the 
following summer.  By July 16, 2003, lichens and red 
foliage were absent.  This could be due to exposure 
to wind; mechanical injury and desiccation as a result 
of the pad creation; and the 2000 exposure to sulphur 
dioxide.3   An exception to this pattern is c-86-E/93-P-
3, where any ‘recovery’ was likely overridden by 
exposure to the Bullmoose gas plant (d-77-E/93-P-3).  
As noted in Table 1 above, injury to trees around c-
86-E/93-P-3 were present before the flare test and 
were most likely affected by the gas plant.  
 
Other sources of injury noted in Table 1 are 
mechanical injury caused by heavy equipment during 
the creation of the well pad.  During pad creation, the 
area is logged, cleared and crushed rock is used to 
create a uniform, level and raised surface.  The 
circumference of the pad is variously treated.  In 
some cases large rock fill extends into the forest edge.  Berms are often created 
along the down-slope edge of the pad and upslope edges are often cut away, 
exposing roots (see right).  Trees on the edge of the pad frequently had root 
damage from foreign material being dumped on the roots.  These trees often 
experienced a change in moisture regime of either flooding or desiccation.  Also, 
trees on the pad edge were accustomed to closed canopy conditions but as a 
result of pad creation were abruptly exposed.  Edges are more likely to trap air 
pollutants (Weathers et al. 2001), and subsequently may show signs of injury if 
the concentration and duration of exposure is sufficient enough to cause harm.  
Some damage and death (especially of root-damaged trees) is to be expected.  It 
is possible that that weakness caused by pad creations renders trees on the 
edges of well pads more susceptible to injury from sulphur dioxide injury than 
trees growing in more closed forest conditions.  
 
 
 
 
 
                                                 
2 A. Legge 1995. personal communication  
3 There is a possibility that well pad edge drought could cause susceptibility to sulphur dioxide. Dessication 
and drought is known to increase susceptibility (Chappelka and Freer-Smith, 1995). 
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Changes in plant tissue chemistry; pre- versus post-flare 
 
Changes in the foliar inorganic to organic sulphur ratios of conifers exposed to 
sour well flare tests are shown in Figures 4 (summer flares) and 5 (winter flares).  
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Figure 4.  Changes in average foliar inorganic to organic ratios (Si:So) in conifer 

foliage between pre and post well flare tests undertaken in summer (April 
to September). Error bars on the graphs are the standard error 
(STD/square root of number of samples). 
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Figure 5.  Changes in average inorganic to organic ratios (Si:So) in conifer foliage 

between winter pre and post well flare tests. Error bars on the graphs are 
the standard error (STD/square root of number of samples).  

 
 
The data shown in Figures 4 and 5 represents only repeated samples from the 
same trees, and is sorted by species (see Appendix 1 for more details).  Figure 4 
indicates that there was no dramatic increase in the foliar sulphur inorganic to 
organic ratios (Si:So) in conifers in summer. This is likely because the sulphur 
dioxide durations of the flare tests in summer were not as long as in winter (see 
Figure 3a and 3b).  Winter exposures appear to show greater variation.  Figure 5 
also shows no clear increase in foliar Si:So ratios, with the exception of conifers 
at d-39-C (c-38-C/93-P-5) (passive maximum 0.28 ppb, passive exposure time of 
326 days) and b-66-F/93-P-5 (passive maximum 3.02 ppb, passive exposure 
time is 60 days).  Although b-66-F/93-P-5 had slight injury at one location, the 
proximity of the Brazion Gas Plant (see Figure 2) may have influenced ratio 
expression at this site.  Ratios increased slightly at d-39-C/93-P-5, and there was 
no alternative ambient source of sulphur at this site.  
 
It is likely that the lack of dramatic change in Si:So ratios reflects natural variation 
in this ratio, or that conifers did not have sufficient time to react biochemically to a 
dramatic increase in sulphur dioxide from a sour gas well flare test.  Ratios 
greater than 0.4 are considered an indication of incipient injury (Legge et al., 
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1988)4.  It may be that some of the exposures to sulphur dioxide, especially in 
the summer well flare tests, were too brief as well as too low in concentrations. 
Legge et al. (1988) describe the change in ratios in response to changing 
emissions at the continuous source West Whitecourt gas plant as follows:   
 

“The dynamic nature of the processes of foliar S assimilation and foliar S 
accumulation as a function of time is evident. The pronounced increase in 
foliar S accumulation from 1980 to 1982 at sample locations AI and Au is 
clearly seen as the SO4-S/So ratio increases from 0.5 to 2.2 for AI and 
from 0.4 to1.3 for Au: µg/m3 “.                           
 
                                                                       from Legge et al. 1988 

 
These changes, measured in summer, were related by Legge et al. (1988) to 
stomatal resistance and photosynthetic rate, and are a result of continuous 
emissions from Whitecourt Gas Plant in central Alberta over several years of 
history.  However, their objective was to “illustrate how...the data from a foliar S 
monitoring program can be used as an indication of the status of a pine forest 
ecosystem  under chronic low concentration S air pollution”  While there is 
evidence in the literature that Si:So ratios develop in response to sulphur dioxide 
emissions over time (Kaiser et al. 1992; Manninen et al. 1997; Legge et al. 1988) 
they may not be responsive enough to bioindicate the effects of a low 
concentration summer or wintertime exposure in a relatively ‘pristine’ area.  It is 
worth noting that the document titled “An Environmentally Significant Flare Event 
from a Sour Gas Processing Plant” (Legge 1995) actually refers to the 
predictability of injury thresholds due to flaring from a continuous sulphur dioxide 
source.  Predisposition or previous exposure to sulphur dioxide is known to be a 
factor in response of conifers to acute exposures.  Legge et al. (1998) review the 
various diagnostic chemical tests that can be used to evaluate sulphur status of 
plants, but they also point out that “…these diagnostic tests…do not always lead 
to a clear-cut foliar accumulation of sulphur…the SO2 exposed tissue does not 
have sufficient time and metabolic capacity to accumulate measurable amounts 
of sulphur before the tissue is killed”.   Linzon et al. (1979; cited in Manninen et 
al. 1997) found higher concentrations accumulated less sulphur in tissue than 
lower concentrations.  Further, Manninen et al. (1997) indicate that there is not 
always a clear correlation between foliar total sulphur concentrations and needle 
damage.  Figures showing the change in total sulphur, and sulphate in response 
to the seventeen well flare tests included in this document are shown in Appendix 
1.   
 
There is only one well documented example of serious injury caused by a well 
flare test at well site d-13-G/93-I-9 (Legge and Jaques, 2001) (see Appendix 2).  
This well flared over three periods in June and July of 2000 with differing, 
unspecified flare durations. The H2S content was 32% to 35.28%, but the sulphur 
dioxide concentration was not known. The post-flare assessment conducted by 
                                                 
4 Also referred to as ‘invisible injury’  
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Legge and Jaques (2001) found Si:So (SO4-S/So) ratios for ten samples of 
exposed lodgepole pine foliage to range from 0.26 in current year tissue to 0.66 
in shed foliage collected from the site.  They found that ratios tended to be higher 
in balsam poplar (Populus balsamifera ssp. balsamifera), bunchberry (Cornus 
canadensis), rose (Rosa spp.) and Labrador tea (Ledum groenlandicum) foliage. 
These species were not sampled during this study, as there were few, if any, 
literature references for them.  In a comparison of retained red foliage versus 
green foliage from the same branches impacted by sulphur dioxide at a-2-E/93-
P-3 and d-50-C/93-P-5 (see Appendix 5) we found red foliage to have slightly 
lower ratios than green foliage (a-2-E: 0.13 red vs. 0.15 green and d-50-C: 0.25 
red vs. 0.31 green).  At a non-flare test location known to have serious sulphur 
dioxide injury we found higher Si:So ratios in red foliage (0.62).   However, the 
symptom expression at d-13-G/93-I-9 was dramatic, and injury was carefully 
documented.  Sulphur dioxide, sulphuric acid, hydrochloric acid and saline 
aerosol (brine) were implicated at d-13-G/93-I-9 as possible causes of injury.  
Legge and Jaque’s (2001) study determined local and regional background 
levels for Si:So ratios in lodgepole pine (local background ranges from 0.0465 to 
0.0662, n=3; regional background ranges from 0.0226 to 0.1017; n=6).  Pine 
samples from most of the flare tests included in this study seldom exceeded this 
suggested background.  
 
Lichen sulphur concentrations by species in response to the well flare tests in 
summer (Figure 6) and winter (Figure 7) are shown below. 
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Figure 6.  Change in total sulphur concentration in lichens exposed to summer (April 

to September) sour gas well flare tests. Error bars on the graphs are the 
standard error (STD/square root of number of samples). 
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Figure 7.  Change in total sulphur concentration in lichens exposed to winter 

(October to March) sour gas well flare tests. Error bars on the graphs are 
the standard error (STD/square root of number of samples). 

 
Figures 6 and 7 indicate a tendency for lichens to absorb sulphur during a well 
flare test, especially during the high concentration, longer duration winter 
exposures.  Lichens absorb sulphur in direct proportion to exposure, and do not 
have the same winter resistance as conifers.  The lichens prove to be useful as a 
general indicator of an increase in background sulphur accumulation.  Ranges in 
concentrations of sulphur have been proposed as indicators of background, rural, 
enhanced and industrial concentrations of sulphur dioxide (Rhoades 1995).  
These concentration benchmarks may or may not apply to northeastern B.C.; 
however, the data collected for this report could be used to establish bench 
marks, and to monitor cumulative effects for sour gas well development areas in 
B.C.  In general, lichen thalline sulphur concentrations seldom exceeded the 
industrial benchmark of 2000 ppm, and several collections were similar to a 
clean-air background of 400 ppm.  At sources close to gas plants (b-66-F/93-P-5, 
and c-86-E/93-P-3) lichen sulphur concentrations tend to be elevated.  There are 
several examples of both extensive programs and reviews of lichen response to 
air pollutants for a variety of airborne pollutants, including Volatile Organic 
Compounds (VOC’s), brine, metals, etc. (Seaward 1993; Mulgrew and Williams 
2000; Sloof 1995; Takala et al. 1991; Wadleigh and Blake 1999; Brutieg, 1993; 
Jackson et al. 1985; Wirth and Oberhollenzer1990; Enns 2001). 
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Sources of uncertainty 
 
There are several data-gaps and sources of uncertainty in the data presented 
above.  They are as follows; 
 

• Duration and concentrations of the flare tests were not uniform; sample 
size and replication was not sufficient to allow for robust statistical 
analysis. 

• True ground level sulphur dioxide concentrations and durations were not 
known and although the models were geospatially accurate given 
accurate meteorological data (especially from 2001 onward) the observed 
vegetation response did not consistently relate to the predicted short-term 
ground level concentrations.   

• The passive monitors appeared to be poor overall indicators of these 
important facts, simply because they were given inconsistent exposure 
times, for a variety of reasons listed previously.  

• Ecological variation was not just high, it was split between three or four 
distinct types (see Appendix 1) and therefore the reliability of comparing a 
sub-alpine fir response at one duration/concentration to another may be 
compromised by dissimilarity in climate, moisture regime, nutrient regime, 
seral stage development, etc.   

• Variance in response was high enough that the determination of a reliable 
threshold value for a given field exposure or dose – response was not 
possible.  

• No information was collected in areas completely unaffected by 
development versus post-flare impacts; all the tests that were evaluated 
had some degree of disturbance.  

• Repeated flaring took place in some cases, and probably had an impact 
on passive monitor data as well as vegetation response, but the data were 
not sufficient to draw such conclusions. 

• Some well flare sites were pre-disposed to sulphur dioxide or other 
emissions (e.g. b-66-F/93-P-5, c-86-E/93-P-3)  

• Advancement of season of the exposure and temperatures varied during 
the two classes (winter, summer) of flare tests and resulted in variable 
absorption of sulphur   

• Maxxam Analytics monitors were exposed for variable periods of time and 
did not reflect the actual concentrations during the exposure; the shorter 
the duration of exposure, the higher the concentration.  Continuous 
monitors were available at only one site.  

• Other injury tended to mask or over-ride sulphur dioxide injury, particularly 
winter injury (also referred to as red-belt or Chinook injury); however 
Legge et al. (1998) provides a rule-of-thumb; when sulphur dioxide is the 
main component of emissions-related injury, symptoms typical of sulphur 
dioxide will prevail.   
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Conclusions 
 
Despite the lack of control and subsequent variability in response of vegetation, 
there are some useful indications from this study.  The data presented here 
indicates that ‘true’ ground level concentrations of sulphur dioxide due to sour 
gas well flaring are not only difficult to determine, but effects are also very difficult 
to verify and attribute only to sulphur dioxide.  At d-13-G/93-I-9 and d-7-E/93-P-3 
other acidic and saline compounds were implicated, and several other factors 
influence vegetation response.  Many of these appeared to be more important 
than sulphur dioxide.  The results generally show however, that sour gas well 
flare tests (with the parameters included in these limited eight examples) 
conducted in summer months can have small amounts of vegetation damage, 
especially at well pad edges.  Winter time exposures can be considerably higher 
than the volumes/concentrations/duration times observed in the summer 
exposures and still have no visible effects.  Non-visible impacts, as indicated by 
an elevated Si:So with no concurrent symptom expression is more difficult to 
verify.  Non-visible injury, such as depression of tree productivity (Legge et al., 
1996) is likely not a factor in short-term well flare exposures, unless they reach 
some kind of cumulative effects threshold.   
 
A summary of the conclusions are as follows;  
 

• None of the well flare tests included in the seventeen pre and post-flare 
assessments approached the severity of the flare event at d-13-G/93-I-9 
observed by Legge and Jaques (2001).  This implies that the ground level 
concentrations at all of the wells observed in this study were below an 
‘unacceptable’ or non-recoverable level of injury.   

  
• The H2S percent is a relatively robust indicator of potential ground level 

sulphur dioxide concentrations, (together with meteorology, climate, etc.).  
At higher H2S concentrations, (e.g. above 14%) visible sulphur dioxide 
injury may occur on trees near the pad edge, especially during spring or 
summer exposures.   

 
• In mid-winter, when temperatures drop to below -20 degrees Celsius, 

conifers are in a dormant state and tend not to react to sulphur dioxide 
exposures, although it is not certain if going above a threshold 
concentration could still cause injury5. 

 

                                                 
5 Katz (1939) and Dreisinger and McGovern (1970) observed that vegetation was fairly resistant to 
sulphur dioxide exposure at all times during winter.  For example, Katz and McCallum (1939a; 
cited in Legge 1995) state that an exposure of 38 hours at 5.00 ppm (13,090  µg m3 ) caused 
90% damage in Douglas fir and Yellow pine in summer, whereas the same exposure in winter 
caused only traces of injury to a single tree. Further, one intermittent sulphur dioxide exposure of 
52,360  µg m3  (20ppm) in winter to Douglas-fir had no subsequent injury. Other researchers have 
noted a reduced response of conifers during winter (Bortitz, 1968; MacLean et al. 1986).  
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• Injury to trees on the edge of the well pad is the most common expression 
of sour gas well flare test injury, and most of that is due to drought induced 
by pad creation and subsequent injury to the roots of edge-growing trees.  
This injury may be exacerbated by exposure to sulphur dioxide, and may 
be preventable, if trees on the pad edge were managed more carefully.  
Dead and half-dead trees on the pad edge have the potential to introduce 
disease and fire hazard.  

 
• Lichens of the genus Peltigera, Hypogymnia and Bryoria all tend to 

accumulate sulphur in tissue when concentrations of sulphur dioxide 
exceed 1 ppb (approximately). These plants have a higher accuracy for 
showing impacts of sour gas well flare tests than any other receptor.   

 
• When the above level of injury does occur, lichens on the trees at the 

edge of the pad tend to disappear (i.e. they do not have the same ability to 
recover as trees do). 

 
• Lichen thalline sulphur concentrations are still below background levels 

throughout most of the sour gas fields in the area of interest, but tend to 
be “enhanced” around continuous sources, such as gas plants and older 
sour gas wells with glycol dehydrators.   

 
 
Recommendations 
 
The research in this document is not substantive enough to recommend a 
threshold for H2S, although the current Oil and Gas Commission Guidelines may 
be too conservative6.  The appropriate training and knowledge to evaluate the 
impact of well flare tests mentioned in the guidelines is required.  Future 
monitoring of sour gas well flare tests with higher than 5% H2S should occur from 
prior to well site development to one month after the flare and should take into 
consideration the confounding factors mentioned in Table 1 (above).  The 
attention of this monitoring should focus on plans for remediation, where 
necessary. The development of a monitoring protocol for sour gas well 
development is highly recommended.  The protocol must include some flexibility 
and professional judgment.  
 
It is clear from this project that well pad construction causes some injury which 
often influences tree response to sour gas well production test flaring.  Methods 
to avoid injury should be used, such as selective clearing of trees on pad edges, 
keeping machine blade edges to natural openings as much as possible, clearing 
trees to an opening at least 4 meters from berm edges or rock dumps, etc.  
 

                                                 
6 Natural gas flaring during well testing Interim Guideline #OGC 00-01 Section 71(4). 
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Data from this project could be useful for the design and implementation of a 
Regional cumulative effects study that is based on real field data, as opposed to 
models, and would provide baseline and comparative benchmarks for assessing 
the impacts of gas well development in B.C.  
 
Background areas (areas with no 
development) in the area of 
interest covered in this study, and 
in other parts of northeastern B.C. 
are becoming scarce.  Areas such 
as the upper Murray River 
drainage are potentially useful as 
baseline comparisons for 
vegetation (and wildlife) response 
to gas well development.  
 
Using data from d-13-G to model 
predicted concentrations known to cause injury may be a useful method to test 
the current threshold levels suggested in the guidelines.  
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APPENDIX 1. Synopsis of the main well flare tests 
 
See attached document
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APPENDIX 2. Post-flare assessments 
 
Table 2A.   Project well flare test sites, their plant community type, and 

sensitivity ranking (based on descriptions in Legge et al. 1998) 
and the preliminary interpretation for each test flare  

 
Well flare test site Interpretation 
a-19-H Martin Creek 
Plant community 
montane forest clearcut 
after the flare event and 
exposed edges, in a 
gentle depressional bowl;  
moderate to poor 
dispersal 
Sensitivity ranking: 
variable sensitivity 
 

Post-flare event (post-fire event?) evaluation only. Traverse 
of previously damaged areas on foot with Government 
official. Sampling of older lichen tissues. Sampled in area 
left un-logged that was previously damaged. Sulphur 
concentrations in lichen tissues have probably dropped 
since the event; they are now at ~ 500 – 700 ppm, which is 
not commensurate with injury to other plants. No residual 
symptoms in deciduous trees. Very subtle old damage in 
the form of slightly thinner crowns in lodgepole pine in the 
residual forest. Sensitive foliose lichens are lacking in the 
clearcut forest near the well site, but this is common in 
harvested stands.  

d-13-G BP Amoco South 
Grizzly 
 
Plant community mid-low 
elevation mesic montane 
forest, good to moderate 
dispersal 
Sensitivity ranking: 
moderately sensitive  

Assessed after the flaring event (June of 2000). This site 
has been extensively studied by A. Legge (Legge and 
Jaques 2001) Dieback evident on most shrubs, especially 
alder willow and scrub birch. Labrador tea has dead 
terminal branch ends, but new shoots are emerging from 
lateral buds. Some growth is very vigorous.  Recent 
reddening of needles of all three conifer species on the site 
on the southwestern edge of the pad, commensurate with 
the previous year. Injury extends from the edge of the pad 
in the direction of prevailing wind. Severity declines with 
distance.  Lodgepole pine with some needle loss (thinning) 
and red tips. Small balsam fir with dead leader and new 
growth from lateral branches below the effected node.  
Bunchberry has grown back less than half it’s normal size 
but is otherwise a-symptomatic.  

d-66-D/093-P-0 Northstar 
Wolverine 
 
Plant community: lower 
montane wet forest and 
clearcut, excellent 
dispersal 
Sensitivity ranking: 
moderately to highly 
sensitive 

Assessed after the flaring event.  Flared twice in 2000 in 
March and September. Some evidence in shrub and herb 
layer of damage, with banding appearing in Labrador tea, 
bleaching on stiff clubmoss which may be due to drought. 
Planted <5 year old lodgepole pine with reddened needles, 
some interaction possible between drought and SO2 Injury. 
Young poplars showing inter-veinal chlorosis that is most 
likely is due to nutritional deficiency.   
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Table 2A.   (Continued). Project well flare test sites and continuous flares, 

their plant community type, and sensitivity ranking (based on 
descriptions in Legge et al. 1998) and the preliminary 
interpretation for each test flare  

 
Well flare test site Interpretation 
Domcan Cache 5-33-87-
22  
 
Plant community low 
elevation boreal plains 
forest, clearcut 
regenerated to lodgepole 
pine on one edge, good 
dispersal 
Sensitivity ranking: 
moderately to highly 
sensitive 
 

Assessed after the flaring event (May 1998).  Well is 
capped. Understory is lush with no evidence of injury with 
the exception of older acute injury to two year needles of 
lodgepole pine in exposed areas near the well, and some 
casting evident in litter layer. Gall aphid and mistletoe 
infestations in mature stands.  

c-18-I Buick Creek  
 
Plant community: low 
elevation rolling farmland, 
good dispersal 
Sensitivity ranking: low 

Transect completed in deciduous-leading mixed forest west 
of the well flare test site. Has a derrick on it at present. 
Pathology of poplar noted adjacent to well pad. Forest 
ground vegetation very lush, no symptoms of sulphur 
dioxide injury in sensitive species, e.g. alsike clover, fire 
weed. 

d-a-073-I/094-a-11 
Talisman HZ Buick 
 
Plant community low 
elevation pasture with 
fragment of boreal plains 
deciduous forest, 
excellent dispersal 
Sensitivity ranking: low 
to moderately sensitive 

Assessed after the flaring event (13 October 1999; 12 
(x1000 m3) at 14% H2S). Deciduous trees showing signs of 
past injury, blackened bark and standing dead trees 
throughout the forested stand. Some lodgepole pines 
appear to have dead leaders with alternate leaders growing 
at mid trunk. Willow situated adjacent to grassy field 
showing signs of chlorosis. Appears to have been 
dramatically effected by the well flare test event, but need 
to know operational history of this well since the flare event. 
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APPENDIX 3. Approved well flare test volumes (From 
Slocomb pers. com. 2001) 
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         A1.  Short-list of high volume, high H2S concentration spring and summer 
flares (data provided by R. Slocomb, Oil and Gas Commission, Fort St. 
John).   
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APPENDIX 4. Soil sample methods (archived samples) 
 
Soil samples were air dried at temperatures not exceeding 40ºC.  They were then 
flattened with a rolling pin to break up coagulants, and sieved through a 2 mm 
sieve (Lavkulich, 1977).  Soil pH was determined potentiometrically using a 
Radiometer pH meter on a 1:1 soil to distilled water slurry.  Estimated electrical 
conductivity or salt readings were also determined on this slurry using a 
Radiometer Conductivity cell (Lavkulich, 1977, 1978).  Total Nitrogen was 
determined colorimetrically using a Technicon Autoanlyser, on a semi-micro 
Kjeldahl digest (Lavkulich, 1977, 1978).  Total Carbon was determined directly on 
a LECO CR 12 Carbon Analyser (Lavkulich, 1977, 1978, Mckeague, 1978).  
Available phosphorus was determined colormetrically using the ascorbic acid 
color development method on a 1:10 soil to Bray (NH4F) extract (Lavkulich, 
1977, 1978, Mckeague, 1978).  Available Ca, Mg, Na, and K were determined by 
Perkin-Elmer Atomic Absorption Spectrophotometer on a 1:5 soil to ammonium 
acetate extract (Mckeague, 1978).  Available Cu, Zn, Fe, and Mn were 
determined by Perkin-Elmer Atomic Absorption Spectrophotometer on a 1:5 soil 
to 0.1 N HCI extract (Lavkulich, 1977, 1978, Mckeague, 1978).  Available 
sulphate-sulphur was determined using the Hi-Bismuth Reducible method on a 
1:2 soil to calcium chloride extract (Mckeague, 1978, Carter, 1993).  Cation-
exchange-capacity and exchangeable cations were determined by the 1N 
Ammonium Acetate pH=7 method (Lavkulich, 1977, 1978, Carter, 1993). Particle 
size was determined by the pipette method.  The sand content was determined 
by wet sieving.  The destruction of organic matter with sodium hypochlorite is the 
only pre-treatment used (Lavkulich, 1977, 1978, McKeague, 1978, Carter, 1993). 
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APPENDIX 5.   Summary Statistics  
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A2.  Comparison of mean values of red and green Abies lasiocarpa Si:So ratios 
between well sites a-2-E/93-P-3 and d-50-C/93-P-5.   
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Appendix 1:   Well Site Summaries 
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Well:  a-2-E/93-P-3 
 
General Location: Wolverine River Valley 
 
UTM Coordinates:  602726E, 6105464N 
 
Physiography:  Sub-alpine, in steep mountainous terrain just below the tree line, 
at the upper end of a glaciofluvial carved trough, with a hanging valley upslope to 
the west of the lease (i.e. likely subjected to cold air drainage). 
 
Biomonitoring Station Constellation: 
 

 
Not to scale

 
Dates of Flare Events:   

• June 11, 2003 for 6 hours 
• June 15 – 16, 2003 for 24 hours 

 
Dates of Field Work:  

•  May 8, 2003 (pre-flare assessment) 
•  June 20, 2003 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations:   

• Range: 1654 µg/m3 – 50 760 µg/m3 or 621.8 ppb – 19 087.2 ppb (from 4 
scenarios  through 6 stability classes)  

• Mean value of 14 909.04 µg/m3 or 5604.9 ppb 
 
Actual Modeled Maximum Ground Level SO2 Concentrations:   

• June 11th   409 µg/m3 or 154 ppb, northeast of the well 
• June 15 – 16th  674 µg/m3 or 253 ppb, northeast of the well 
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Maximum Measured H2S Content:  16.35% 
 
Meteorological Conditions: 

• Predominant winds are from the southwest 
• Winds speeds ranged from 2.7 to 6.9 m/s 
• Temperatures ranged from ~ 0 to 15˚C 

 
Sample Components: 

• Lichens: Bryoria sp. (mainly fuscescens1) and Hypogymnia sp. (mainly 
physodes) 

• Conifers:  sub-alpine fir 
• Passive SO2 monitors (x = 5) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total 
sulphur 

0.1018 ppm (Bryoria sp.) 
0.0730 ppm (Hypogymnia sp.) 

0.0896 ppm (Bryoria sp.) 
0.0763 ppm (Hypogymnia sp.) 

Conifer total 
sulphur 942 ppm green tissue 820 ppm green tissue 

872 ppm red tissue 

Conifer Si:So 0.1154 0.1499 green tissue 
0.1279 red tissue 

 
 
Passive Monitoring Results: 
 
Station SO2 (ppb) 

1 0.2 
2 0.2 
3 0.2 
4 0.2 
5 damaged 

Mean 0.20 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
 
 
 
 
                                                 
1 Species of Bryoria on most sites including those described below included a somewhat variable mix of 
freemontii, fuscescens, furcellata, lanestris and  pseudofuscecens  on  lower to midcanopy branches. 
Bryoria  fuscescens was most common and made up most of the biomass throughout all the samples. 
Although sensitivity of Bryoria varies slightly by species, variation in sulphur uptake is not well known, 
especially  for short term exposures, and because of the time involved in separating the species for each 
well site, species of Bryoria were composited.  B. capillaris was also common at wetter sites.  
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Species Composition: 
Due to snow cover species list is incomplete 
 

• sub-alpine fir (dominant) • Usnea lapponica 
• Engelmann spruce (co-dominant) • Bryoria fuscescens 
• white flowered rhododendron 

(dominant) 
• Hypogymnia physodes 
• Hypogymnia imshaugii 

• Platismatia glauca 
 
Results 
 
Dramatic symptoms were present on the trees before the flare test and 
resembled sulphur dioxide injury, although the pad creation, particularly blasting, 
appears to be mainly responsible. Slight cumulative injury from both sulphur 
dioxide and mechanical damage was noted post-flare.  Mechanical injury 
appears to be more prevalent than emissions-related injury. Plant response 
(timing), tissue chemistry results and passive monitor data did not support the 
conclusion that the injury was solely from sulphur dioxide.  During the post-flare 
assessment, it was noted that the injury had increased slightly and the residual 
damage had progressed, from red tissue on all present years of growth to dry 
desiccated yellow needles or defoliation. Salt brine was suspected but the 
sodium and chloride concentrations were low in comparison to a brine impacted 
site in NE B.C.  Blasting for well pad construction was likely responsible for the 
injury at this site. 
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A1. Inorganic/organic sulphur ratios (Si:So) of conifer tissues collected at each 

of the five monitoring stations around a-2-E/93-P-3 in May (pre-flare) and 
June (post-flare).  Post-flare (green) refers to live green sub-alpine fir tissue 
collected post-flare and post-flare (red) refers to red, or dead, sub-alpine fir 
tissue collected post-flare. 
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A2. Average total sulphur in Bryoria sp. collected at each of the five monitoring 

stations around a-2-E/93-P-3 in May (pre-flare) and June (post-flare). 
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A3.   Average total sulphur in Hypogymnia sp. collected at each of the five 

monitoring stations around a-2-E/93-P-3 in May (pre-flare) and June (post-
flare). 
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A4.   Concentrations of sulphur dioxide (ppb) registered by the passive monitors 

located at monitoring stations around a-2-E/93-P-3.  Exposure period:  May 
8 to June 20, 2003. 

 
 

 
 
A5.   Localized needle reddening at a-2-E/93-P-3, Station 1, pre-flare. 
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A6.   Needle reddening and mechanical injury on eastern edge of a-2-E/93-P-3 

lease (post-flare), facing Station 1.  
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Well:  b-79-J/93-P-4  
 
General Location: Rocky Creek Rd., Sukunka River Valley 
 
UTM Coordinates:  580432.6E, 6120378.3N 
 
Physiography: On the edge of a gently undulating middle elevation plateau 
above main valley, montane to sub-alpine. 
 
Biomonitoring Station Constellation: 
 

 
 
Dates of Flare Events:   

• April 3, 2002 for 11 hours 
• April 29, 2002 for 6 hours 

 
Dates of Field Work:  

• February 8, 2002 (pre-flare assessment) 
• December 14, 2002 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations:   

• Range: 610 µg/m3 – 17 786 µg/m3  or 229 ppb – 6686 ppb (maximum 
value from each of the 6 stability classes) 

• Mean value of 5480 µg/m3 or 2060.2 ppb 
 
Actual Modeled Maximum Ground Level SO2 Concentrations:   

• April 3rd 180 µg/m3 - 261 µg/m3 or 68 ppb - 98 ppb, to the north-northeast 
and northeast of the well 
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• April 29th 29 µg/m3 - 48  µg/m3 or 11 ppb - 18 ppb, to the north-northeast 
and northeast of the well 

 
Maximum Measured H2S Content:  5.0% 
 
Meteorological Conditions: 

• Predominant winds are from the southwest 
• Winds seldom exceeding 6m/s 
• Temperatures ranged from ~ 5˚C to 10˚C 

 
Sample Components: 

• Lichens: Bryoria sp. and Hypogymnia sp. (mainly physodes) 
• Conifers: Sub-alpine fir 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 1857 ppm Not enough for post- flare collections. 
Conifer total sulphur 960 ppm 876 ppm 
Conifer Si:So 0.187 0.125 

 
 
Passive Monitoring Results: 
Passive monitors were not used in the assessment of this well 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
 
Species Composition: 
Species list is incomplete due to snow cover 
 

• bunchberry • sub-alpine fir (dominant) 
• twinflower • lodgepole pine (dominant) 

• Douglas-fir (co-dominant) • Hypogymnia physodes 
• Engelmann spruce (co-

dominant) 
• Bryoria sp. (fuscescens) (See 

footnote above)
 
 
Results 
 
Injury to foliage of coniferous trees was evident before the well flare test. 
Mechanical injury from the well pad creation was evident.  The roots of edge-
growing trees were exposed and the foliar injury resembled that of drought.  The 
results of the conifer tissue analysis from the twelve monitoring plots indicate that 
no changes occurred in the foliar Si:So or total sulphur concentrations in the 
vegetation as a result of the well flare test at b-79-J/93-P-4.  There was a distinct 
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decline in foliar Si:So from the time the foliage was collected from marked trees 
before the flare to the time after the flare.  An old well site, now abandoned 
occurred to the north and may have had an impact on the pre-flare Si:So for 
Stations 5, 6 and 11.  Lichen communities were nearly absent at most stations, 
and were not in sufficient quantity to allow for analysis.  They were therefore not 
collected for post-flare tissue analysis.  No monitors were used on this site as it 
was unknown when the post-assessment would occur and delays were expected 
to exceed the exposure time limits of the passive filters. 
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A7.   Inorganic/organic sulphur ratios of sub-alpine fir tissues collected at each of 

the twelve monitoring stations around b-79-J/93-P-4 in February (pre-flare) 
and December (post-flare). 
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A8.   Average total sulphur in lichen tissues collected at each of the twelve 

monitoring stations around b-79-J/93-P-4 in February (pre-flare). 
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A9.   Crowns protected by snow loads in the forest northeast of the b-79-J/93-P-4 

lease, in the area predicted by the modeling to receive high concentrations 
of emissions. 

 

 
 

A10.    Wind shearing, desiccation injury, and mechanical injury to lower canopy 
of lodgepole pine at well pad edge, pre-flare. 
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Well:  c-38-C (d-39-C)/93-P-5  
 
General Location:  Lower Burnt River Rd. 
 
UTM Coordinates:  572977E, 6126400N 
 
Physiography:  Sub-alpine hygric forest on low ridge above undulating plateau, 
wetlands nearby.  
 
Biomonitoring Station Constellation: 
 

Not to scale 

 
 
Dates of Flare Events:   

• October 31 – November 5, 2001 (intermittent flaring for a total of 18 hours) 
• November 15 –19, 2001 (intermittent flaring for a total of 94 hours) 

 
Dates of Field Work:  

• September 20, 2001 (pre-flare assessment) 
• August 12, 2002 (post-flare assessment) 
• August 22, 2003 (secondary post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations:  

• Range: 216.2 µg/m3 – 10157.1 µg/m3 or 81.3 ppb – 3818.5 ppb (from the 
maximum value from each of the 6 stability classes) 

• Mean value of 3141.2 µg/m3 or 1180.9 ppb 
 
Actual Modeled Maximum Ground Level SO2 Concentration: 

• 310 µg/m3 or 116.5 ppb, 12 km north of the well site 
 

Maximum Measured H2S Content:  8.15% 
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Flared Volumes:   
• A total volume of 417.0 e3m3 sour gas was flared during the October 31 - 

November 5, 2001 event 
• A total volume of 3153.2 e3m3sour gas was flared during August 12, 2002 

event 
 
Meteorological Conditions: 

• Predominant winds from the south and southeast during both flare events  
• The flared volumes had the potential of causing foliar injury; additionally 

climatic condition (i.e. rain) during the flaring events may have contributed 
to elevated levels of injury.   

• Temperatures ranged from ~ -4˚C to 10˚C. 
 
Sample Components: 

• Lichens: Bryoria sp., Hypogymnia sp. (mainly physodes), and Peltigera sp. 
• Conifers: sub-alpine fir and Engelmann spruce 
• Passive SO2 monitors (x = 5) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur Archived 889 ppm 
Conifer total sulphur 928 ppm 898 ppm 
Conifer Si:So  0.213 0.246 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1a 0.28 
1b 0.25 
2a 0.19 
2b 0.18 
3a 0.22 
3b 0.27 
4a 0.23 
4b 0.21 
5a n/a 
5b n/a 
Mean 0.24 

 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
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Species Composition: 
 

• fireweed • Engelmann spruce (dominant) 
• small-flowered woodrush • sub-alpine fir (co-dominant) 
• Indian hellebore • five-leaved bramble 
• beaked sedge • willow sp. 
• Queen’s cup • white-flowered rhododendron 
• hair bentgrass • crowberry 

• pink mountain heather • Hypogymnia physodes 
• dwarf blueberry • Bryoria sp.(fuscescens and 

capillaris) • black huckleberry 
• Peltigera membranacea • one-sided wintergreen 
• Peltigera canina • Sitka valerian 
• Dicranum fuscescens • arrow-leaved groundsel 
• Cladina mitis • common horsetail 
• Cladonia gracilis • hawkweed sp. 
• Cladonia chlorophaea • pearly everlasting 

 
 
Results 
 
The coniferous foliar Si:So values increased slightly between the pre-flare 
assessment and the post-flare assessment, although a considerable delay 
occurred between the flare events and the post-flare assessment. Slight 
reddening of the tips of sub-alpine fir needles was noted following the flare. 
There was some fall coloration in the rhododendron present before the flare.  The 
discoloration of the coniferous tissue could have been due to both previous 
drought and/or winter injury.  No visible change in the under-story vegetation 
occurred.  There are no results at Station 5 as it was inaccessible during the 
early part of the field season following the flare test due to road construction at a 
neighboring well (d-50-C).   The passive monitors show low sulphur dioxide 
concentrations due to an exceedingly lengthy exposure period.  
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A11. Average inorganic/organic sulphur ratios of conifer tissues collected at each 

of the four monitoring stations around c-38-C/93-P-5 in September (pre-
flare) and August (post-flare). Note: Station 5 was inaccessible during the 
post-flare assessment. 
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A12.    Average total sulphur in lichen tissues collected at each of the four 

monitoring stations around c-38-C/93-P-5 in August (post-flare). Note: 
Station 5 was inaccessible during the post-flare assessment. 
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A13.    Concentrations of sulphur dioxide (ppb) registered by the passive      

monitors located at the monitoring stations around c-38-C/93-P-5. Two 
samplers per station.  Exposure period:  September 20, 2001 to August 
12, 2002. Note: Station 5 was inaccessible during the post-flare 
assessment; therefore no data is shown from this station. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A14 (left).    Pre-flare vegetation condition at c-38-C/93-P-5, Station 2. The colour 

of the shrub community is caused by fall coloration. 
 
A15 (right).  Post-flare vegetation condition at c-38-C/93-P5, Station 2. 
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Well:  c-23-H (d-33-H)/93-P-4  
 
General Location: Bullmoose River 
 
UTM Coordinates:  593710E, 6108200N 
 
Physiography:  Upper montane and riparian forest on a north-facing ridge  
 
Biomonitoring Station Constellation: 
 

Not to Scale 

 
 
Dates of Flare Events:   

• December 4 – 5, 2001 for 19 hours   
• December 5 –10, 2001 for 110 hours 

 
Dates of Field Work:   

• September 22, 2001 (pre-flare assessment) 
• August 12, 2002 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations:   

• Range: 1539 µg/m3 – 55614 µg/m3 or 578.6 ppb – 20907.5 (from the 
maximum value from each of the 6 stability classes) 

• Mean value of 17395.5 µg/m3 or 6539.7 ppb 
 
Actual Modeled Maximum Ground Level SO2 Concentration: 

• 43849 µg/m3 or 16,485 ppb, to the east of the well on December 5 
 
Maximum Measured H2S Content:  15.76% 
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Meteorological Conditions:  
• Predominant winds were from the South 
• Wind speeds measured during the flare test ranged from 0.7 – 12.7 m/s 
• Temperatures ranged from -12˚C to 2˚C during the December flare events 

 
Sample Components: 

• Lichens: Bryoria sp., Hypogymnia sp. (mainly physodes) and Peltigera sp. 
(mainly aphthosa) 

• Conifers:  Sub-alpine fir 
• Passive SO2 monitors (x = 5) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur No pre-flare collections 1112 ppm 
Conifer total sulphur 1147 ppm 1183 ppm 
Conifer Si:So  0.278 0.412 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1a 1.33 
1b 1.32 
2a 1.14 
2b 1.20 
3a 1.44 
3b 1.36 
4a 1.44 
4b 1.56 
5a 1.21 

Mean 1.33 
 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
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Species Composition: 
 

• Sitka valerian • Engelmann spruce 
• arctic lupine • sub-alpine fir 
• western meadowrue • white-flowered rhododendron 
• willowherb sp. • bunchberry 
• clasping twisted stalk • five-leaved bramble 
• oak fern • black gooseberry 

• black huckleberry • Peltigera aphthosa 
• Sitka mountain-ash • Peltigera venosa 
• green wintergreen • Bryoria sp. 
• pink wintergreen • Hypogymnia physodes
• twinflower 

 
 
Results 
 
The sulphur chemistry analysis of the lichen samples taken after the flare test 
indicated a slight increase in total sulphur concentrations post-flare in areas 
down wind of the well.  Sulphur inorganic to organic ratios in conifers were also 
slightly elevated in these areas.  Very slight sulphur dioxide injury to sub-alpine fir 
was noted in the northeastern plot (Station 5).   No visible injury was evident 
above the well site.  A slight improvement in the condition of the under-story 
plants (such as black current, mountain ash, alder, and thimbleberry) was noted. 
This vegetation was under snow during the flare but was observed during the 
pre- and post-assessment.  This improvement was likely due to relief from 
drought effects from the previous growing season.  
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A16.    Average compiled inorganic/organic sulphur ratios from sub-alpine fir 

tissues collected at each of the five monitoring stations around c-23-H (d-
33-H)/93-P-4 in September (pre-flare) and August (post-flare).  
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A17.    Average total sulphur in Peltigera sp. collected at each of the five 

monitoring stations around c-23-H (d-33-H)/93-P-4 in September (pre-
flare) and August (post-flare). 
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Post Production Sulphur Levels in Lichens
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A18.    Average total sulphur in lichen tissues collected at each of the five     

monitoring stations around c-23-H (d-33-H)/93-P-4 in August (post-flare). 
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A19.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors located at the five monitoring stations around c-23-H (d-33-
H)/93-P-4.  Exposure period: September 22, 2001 to August 12, 2002. 
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A20.   Pre-flare vegetation condition on east edge of c-23-H (d-33-H)/93-P-4     
lease. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A21.   Post-flare vegetation condition on east edge of c-23-H (d-33-H)/93-P-4 

lease 
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Well:  c-83-K/93-P-4  
 
General Location: Rocky Creek, near Sukunka River 
 
UTM Coordinates:  577294E, 6121795N 
 
Physiography:  Upper montane to sub-alpine sub-ridge on the edge of the Pine 
Plateau. 
 
Biomonitoring Station Constellation: 
 

Not to scale 

 
 
Date of Flare Event:   

• December 11 -13, 2002 for 51 hours 
 
Dates of Field Work:   

• August 12, 2002 (pre-flare assessment) 
• December 15, 2002 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations:   

• Range:  737 µg/m3 - 11298 µg/m3 or 277 ppb – 4247 ppb (from the 
maximum value from each of the 6 stability classes) 

• Mean value of 3391 µg/m3 or 1274.8 ppb 
 
Actual Modeled Maximum Ground Level SO2 Concentration:   

• 140 µg/m3 or 53 ppb, approximately 11.5 km north-northeast of the well 
 
Maximum Measured H2S Content:  7.0% 
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Meteorological Conditions: 
• Predominant winds are from the South 
• Wind speeds ranged from 2.0 to 7.0 m/s 
• Temperatures ranged from -4˚C to 6˚C during the flare event 
 

Sample Components: 
• Lichens: Bryoria sp. and Hypogymnia sp. (mainly physodes) 
• Conifers:  Sub-alpine fir 
• Passive SO2 monitors (x = 5) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 656 ppm 940 ppm 
Conifer total sulphur 1080 ppm 940 ppm 
Conifer Si:So (mean) 0.215 0.200 

 
 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1 0.20 
2 0.20 
3 0.20 
4 0.20 
5 0.10 

Mean 0.18 
 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
 
Species Composition: 
 

• sub-alpine fir (dominant) • common horsetail 
• Engelmann spruce (co-

dominant) 
• mountain arnica 
• western meadowrue 

• pink mountain-heather • one-sided wintergreen 
• crowberry • violet sp. 
• white flowered-rhododendron • fireweed 
• black huckleberry • willowherb sp. 
• five-leaved bramble • Cow-parsnip 
• queens’ cup • kneeling angelica 
• oak fern • stiff clubmoss 
• indian hellebore • red-stemmed feathermoss 
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• Hypogymnia physodes • Parmelia sulcata 
• Bryoria sp. • Cladonia pyxidata 
• Alectoria sarmentosa • Cladonia sp. 
• Parmeliopsis ambigua • Cladina mitis 
• Parmeliopsis hyperopta 

 
 
Results  
 
There was visible injury to the trees at this site, but it could not be singly 
attributed to sulphur dioxide. Symptoms of drought, winter burn and physical 
injury from machines were seen on the trees on the edge of the well pad prior to 
the flare test.  Reddening in conifer foliage increased slightly between the time of 
the pre-flare assessment to the time of the post-flare assessment. The pad 
creation may have pre-disposed trees at this site to sulphur dioxide injury.  
Sulphur in lichens increased from pre to post-flare, especially close to the well.  
Sulphur inorganic to organic ratios in the conifers increased at stations to the 
northeast and east of the well, respectively. 
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A22.    Average inorganic/organic sulphur ratios of sub-alpine fir tissues collected 

at each of the five monitoring stations around c-83-K/93-P-4 in August 
(pre-flare) and December (post-flare). 
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A23.    Average total sulphur in Bryoria sp. collected at each of the five 

monitoring stations around c-83-K/93-P-4 in September (pre-flare) and 
August (post-flare). 
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A24.    Average total sulphur in Hypogymnia physodes collected at each of the 

five monitoring stations around c-83-K/93-P-4 in September (pre-flare) and 
August (post-flare). 
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A25. Concentrations of sulphur dioxide (ppb) registered by the passive monitors 

at the monitoring stations around c-83-K/93-P-4.  Exposure period:  
August 12 to December 15, 2002. 
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A26. Winter injury at c-83-K/93-P-4 Station 1, on exposed sub-alpine fir 

bordering well pad prior to flaring in August 2002. 
 

 
 
A27. Mechanical injury to lower limbs of sub-alpine fir at the c-83-K/93-P-4 well 

pad edge, also, some wind shearing is evident in the crowns, pre-flare, 
August 2002. Note the roots protruding from the excavated edge of the 
well pad. 
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Well:  c-86-E/93-P-3  
 
General Location: Bullmoose River 
 
UTM Coordinates:  699045E, 6113132N 
 
Physiography:  Windward lower slope of a wide, serpentine river valley bottom 
 
Biomonitoring Station Constellation: 
 

Not to Scale 

 
 
Date of Flare Event:  

• January 29 - 30, 2003 for a total of 8 hours 
 
Dates of Field Work:   

• December 13, 2002 (pre-assessment) 
• May 8, 2003 (post-flare assessment) 
• June 13, 2003 (secondary post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations:   

• Range: 2432 µg/m3 – 118 149 µg/m3 or 914 ppb – 44 417 ppb (from 6 
stability classes through 4 scenarios) 

• Mean value of 32 932.25 µg/m3 or 12 380.55 ppb 
 
Actual Modeled Maximum Ground Level SO2 Concentrations: 

• January 29th 1242 µg/m3 or 467 ppb, to the north of the well 
• January 30th 1424 µg/m3 or 535 ppb, to the north of the well 

 
Maximum Measured H2S Content:  26.15% 
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Meteorological Conditions: 
• Predominant winds are from the South 
• Wind speeds ranged from 1.2 to 4.6 m/s 
• Temperature ranged from -1˚C to 3˚C during flare event 

 
Sample Components: 

• Lichens: not enough arboreal lichens to sample 
• Conifers: Sub-alpine fir and Engelmann spruce 
• Passive SO2 monitors (x = 9) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 

Lichen total sulphur No tissue available 
for analysis 

No tissue available for 
analysis 

Conifer total sulphur 1695 ppm 1488 ppm 
Conifer Si:So  0.672 0.390 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1 5.90 
2 4.10 
3 6.30 
4 3.20 
5 3.80 
6 3.30 
7 3.50 
8 4.50 
9 3.50 

Mean 4.23 
 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
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Species Composition: 
List is incomplete due to snow cover 
 

• bunchberry • Engelmann spruce (dominant) 
• thimbleberry • sub-alpine fir (co-dominant) 
• cow parsnip • trembling aspen 
• pink wintergreen • balsam poplar 
• grouseberry • green alder 

• baldhip rose • Cladonia spp. 
• white-flowered rhododendron • Parmelia sulcata 
• crowberry • Parmeliopsis ambigua 
• twinflower • Parmeliopsis hyperopta 
• five-leaved bramble 

 
 
Results 
 
This well site had extensive injury noted during the pre-flare assessment.  Most 
of the injury ranged in age from recent (< 1 year) to several years old. The older 
and recent injury is likely due to the neighboring Bullmoose Gas Plant (d-77-
E/93-P-3).  A path of injury extends from the plant, across the well site and down 
the valley for a distance of approximately 1 .5 km, becoming sporadic and 
confined to single trees and shrubs at the margins of the area of injury. The only 
species of lichens present are known to be relatively resistant to sulphur dioxide. 
Lichens present had twisting and bleaching symptoms, typical of chronic 
exposure to sulphur dioxide.  In all cases the foliar Si:So declined in tissue 
between the pre and post-flare assessment, possibly due to metabolic uptake of 
sulphate during the breaking of dormancy in April.  Small amounts of injury were 
attributable to the c-86-E/93-P-3 well flare test, as this injury has effected the 
most recent year’s growth.   
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A28.    Average inorganic/organic sulphur ratios of conifer tissues collected at 

each of the nine monitoring stations around c-86-E/93-P-3 in December 
(pre-flare) and May (post-flare). 
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A29.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors at the nine monitoring stations around c-86-E/93-P-3.  Exposure 
period:  December 13, 2002 to May 8, 2003. 
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A30.  Post-flare minor acute sulphur dioxide injury at Station 1 to current year’s 

growth, this injury is likely due to the flaring episodes at c-86-E/93-P-3.  
Note it occurs on the more sensitive second year needles.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A31.   Station 3 pre-flare, showing severe, variable-aged injury to sub-alpine fir at 
c-86-E lease edge. 
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Well:  d-50-C/93-P-5  
 
General Location: Lower Burnt River Road  
 
UTM Coordinates:  571829E, 6127610N 
 
Physiography:  Edge of sub-ridge on undulating plateau in mid sub-alpine 
 
Biomonitoring Station Constellation: 
 

 
 
Dates of Flare Events:   

• September 9, 2003 for a total of 10 hours 
• September 11 – 13, 2003 for a total of 54 hours 

 
Dates of Field Work:   

• December 14, 2002 (pre-flare assessment) 
• September 20, 2003 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-hour SO2 Concentrations: 

• Range: 302 µg/m3 - 7612 µg/m3 or 113.5 ppb – 2861.7 ppb (from 
maximum values from each of the six stability classes) 

• Mean value of 2480.8 µg/m3 or 932.6 ppb 
 
Actual Modeled Maximum Ground Level SO2 Concentration:   

• 357 µg/m3 or 134 ppb, to the north of the well 
 
Maximum Measured H2S Content: 6.00% 
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Meteorological Conditions: 
• Winds are predominately from the west-northwest 
• Winds speeds ranged from 3.2 to 12.0 m/s 
• Temperatures ranged from 3˚C to 11˚C during the flare events 
 

Sample Components: 
• Lichens: Bryoria sp.  
• Conifers:  Sub-alpine fir 
• Passive SO2 monitors (x = 5) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 754 ppm 970 ppm 

Conifer total sulphur 842 ppm (green tissue) 1042 ppm (green tissue) 
910 ppm (red tissue) 

Conifer Si:So 0.147 (green tissue) 0.311 (green tissue) 
0.244 (red tissue) 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1 1.80 
2 damaged 
3 0.50 
4 0.40 
5 0.30 

Mean 0.75 
 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
 
Species Composition: 
List is incomplete due to snow cover 
 

• sub-alpine fir (dominant) • Hypogymnia physodes 
• lodgepole pine (co-dominant) • Hypogymnia imshaugii 
• black spruce (co-dominant) • Parmeliopsis hyperopta 
• white-flowered rhododendron • Parmeliopsis ambigua 
• pink mountain-heather • Alectoria sarmentosa 
• crowberry • Bryoria sp. 
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Results 
 
This flare test was delayed following the initial pre-flare assessment.  As in other 
well flare tests, the maximum injury at this well site has occurred in the area 
directly adjacent to the lease and in the direction of the prevailing winds.  Injury 
was present before the flare-test, however.  Some of the injury appears to be 
influenced by rock blasting on the well pad edge.  Slight new injury to 
rhododendron was noted after the well flare test.   Sulphur dioxide exposures 
were highest on the pad edge in the direction of prevailing wind during the flare 
test.  Injury to trees was noted to have increased from the pre-flare assessment 
to the post-flare assessment. The lichen tissues showed an increase in total 
sulphur following the flare test.  The injury at this well may be due to a 
combination of acute exposure to sulphur dioxide and physical injury from 
blasting, i.e. predisposition to injury. 
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A32.    Average inorganic/organic sulphur ratios of conifer tissues collected at 

each of the five monitoring stations around d-50-C/93-P-5 in December 
(pre-flare) and September (post-flare). 
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A33.    Average total sulphur in lichen tissues collected at each of the five 

monitoring stations around d-50-C/93-P-5 in December (pre-flare) and 
September (post-flare). 
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A34.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors at the five monitoring stations around d-50-C/93-P-5.  Exposure 
period:  December 14, 2002 to September 20, 2003.  Note: filter from 
Station 2 was damaged; therefore no results are available at this station.   
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A35.   Injury noted during pre-flare assessment at d-50-C/93-P-5 Station 1, to 

sub-alpine fir.  Photo taken during post-flare assessment.  
 
 

 
 
A36.    Injury to sub-alpine fir noted in pre-flare assessment, between Stations 1 

and 2 at d-50-C/93-P-5.  Photo taken during post-flare assessment. 
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Well:  b-77-J/93-I-14  
 
General Location:   Murray River 
 
UTM Coordinates:  614484E, 6093313N 
 
Physiography:  Flank of the mountain range west of the Murray River in 
montane to sub-alpine forest 
 
Biomonitoring Station Constellation: 
 

 
Date of Flare Event:   

• August 23, 2003 for a total of 2 hours 
 
Dates of Field Work:   

• June 20, 2003 (pre-flare assessment) 
• September 18, 2003 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations: 

• Range: 1512 µg/m3 – 44 183 µg/m3 or 568.4 ppb – 16 610 ppb (from 6 
stability classes through 4 scenarios), west and northwest of well 

• Mean value of 11 703.46 µg/m3 or 4399.8 ppb 
 
Actual Modeled Maximum Ground Level SO2 Concentrations:   

• 389 µg/m3  or 146 ppb at 13:00 on August 23, northeast of the well 
• 275 µg/m3 or 103 ppb at 14:00 on August 23, northeast of the well 

 
Maximum Measured H2S Content: 25.0% 
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Meteorological Conditions: 
• Winds are predominately from the west-southwest and south-southwest 
• Winds speeds ranged from 2.2 to 2.9 m/s 
• Temperature ranged from 7.2˚C to 7.4˚C during the flare 

 
Sample Components: 

• Lichens: Bryoria sp. and Hypogymnia sp. 
• Conifers:  Sub-alpine fir 
• Passive SO2 monitors (x = 5) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 

Lichen total sulphur 496 ppm (Hypogymnia sp.) 
621 ppm (Bryoria sp.) 

700 ppm (Hypogymnia sp.) 
623 ppm (Bryoria sp.) 

Conifer total sulphur 798 ppm 847 ppm 
Conifer Si:So  0.1098 0.1397 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1 0.30 
2 0.30 
3 0.10 
4 damaged 
5 0.10 

Mean 0.20 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
 
Species Composition: 
 
• Engelmann spruce • western meadowrue 
• black spruce • thimbleberry 

• pink mountain-heather • sub-alpine fir 
• false Solomon’s-seal • lodgepole pine 

• Sitka alder • Indian hellebore 
• wintergreen sp. • bunchberry 

• Douglas maple • Bryoria sp. 
• white-flowered rhododendron • Hypogymnia physodes 
• black huckleberry • Usnea lapponica 
• black gooseberry • Parmelia sulcata 
• clasping twisted stalk • Peltigera sp. 
• common horsetail • Cetraria spp
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Results 
 
Some residual red-belt injury (i.e. warm Chinook winds followed by a cold-snap; 
i.e. climatic injury) from the winter prior to the flare tests was noted in both the 
pre-flare assessment and again following the flare test. The brightness of the red 
coloration in the foliage had faded in the period between the first assessment and 
the post-flare assessment.  Trees on this ridge have shown ‘red belt’ injury on at 
least three other periods during the spring within the last ten years. After the 
flare, recent minor sulphur dioxide injury to sub-alpine fir was noted in the higher 
elevation windward plots and was combined with apparent climate injury. Other 
forest pathogens were evident on weakened trees (see photo A41 below).  
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A37.    Average inorganic/organic sulphur ratios of conifer tissues collected at 

each of the ten monitoring stations around b-77-J/93-I-14 in June (pre-
flare) and September (post-flare). Stations B, C, D, E and F are tissue 
collection sites only.  
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A38.    Average total sulphur in lichen tissues collected at each of the ten 

monitoring stations around b-77-J/93-I-14 in June (pre-flare) and 
September (post-flare).  Stations B, C, D, E and F are tissue collection 
sites only.  
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A39.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors located at the five monitoring stations around b-77-J/93-I-14.  
Exposure period:  June 20 to September 18, 2003.  Note: filter from 
Station 4 was damaged and therefore no data is available. 
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A40 (left).    Mixed injury (winter and SO2) to sub-alpine fir at b-77-J/93-I-14, 

Station 3 pre-flare.  Photo taken June 20, 2003. 
 
A41 (right).  Winter injury at b-77-J/93-I-14, Station 2, post-flare.  Photo taken 

Sept. 18, 2003. Note the expression of  mixed and repeated injury 
including the possibility of a root rot pathogen is evident on this tree. 
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Well:  d-7-E/93-P-3 
 
General Location:  Bullmoose River 
 
UTM Coordinates:  not available but position is: 
Latitude 55˚5’23.96 N, Longitude 121˚27’10.59 W 
 
Physiography:  Valley bottom location, on undulating well-drained fluvial and 
glaciofluvial materials in a steep-sided glacially carved trough at middle to low 
elevation.  
 
Biomonitoring Station Constellation: 
 
 

#5

#4

#2

#1

#3

 
 
Date of Flare Event:  

• June 22 to June 23, 2000 for a total of 25 hours. 
 
Dates of Field Work:   

•  June 3, 2000 (pre-flare assessment) 
•  September 2, 2000 (post-flare assessment) 
•  July 17, 2003 (secondary post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations: 

• Range: 1754 µg/m3 to 53 138 µg/m3 or 659.4 ppb to 19 976.7 ppb (from 
maximum values at elevations below and above the stack height), to the 
northeast (567 meters) and north-northwest (1.3 km). 
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Actual Modeled Ground Level SO2 Concentrations: 
• Range: 21 104 µg/m3 to 27 761 µg/m3 or 7934 ppb to10 437 ppb (from 3 

highest modeled concentrations), 1.3 km southwest of the well, and 
maximum number of hours in exceedance of the A and B BC Air Quality 
Objective to the northwest of the well (3 to 9 km).  

• Mean value of 23 810.7 µg/m3 or 8951.4 ppb 
 
Maximum Measured H2S Content: 17.65% 
 
Meteorological Conditions: 

• Winds are predominately from the southeast 
• Winds speed ranged from 1 - 2m/s  
• Temperatures ranged from ~ 5˚C to 10˚C during the flare event 

 
Sample Components: 

• Lichens: Peltigera aphthosa and Hypogymnia physodes 
• Conifers: sub-alpine fir 
• Passive SO2 monitors (x = 5) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 1287 ppm 1307 ppm 
Conifer total sulphur 1055 ppm 1025 ppm 
Conifer Si:So  0.26 0.28 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
clear cut 1 0.09 
clear cut 2 0.11 
clear cut 3 0.09 
gasline 1 0.03 
gasline 2 0.03 
gasline 3 0.03 

uphill forest 1 0.09 
uphill forest 2 0.10 

uphill forest 3 0.10 
well site 1 0.05 
well site 2 0.04 
well site 3 0.06 
doo7e-1 a 0.05 
doo7e-1 b 0.06 
doo7e-1 c 0.05 

Mean 0.98 

 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
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Species Composition: 
 
• lodgepole pine  
• white spruce 
• sub-alpine fir 
• Douglas maple  
• Sitka alder 
• prickly rose 
• white-flowered 

rhododendron 

• black huckleberry 
• black gooseberry 
• clasping twisted stalk 
• thimbleberry 
• false Solomon’s-seal 
• one-sided wintergreen 
• wintergreen sp. 
• Lobaria sp. 

• Peltigera aphthosa 
• Peltigera canina 
• Bryoria sp. 
• Hypogymnia physodes 
• Cavernosa lapponica 
• Parmelia sulcata 
• Peltigera sp. 
• Cetraria spp

 
Results 
 
Prior to this well flare test, there some expression of injury in the conifers due to 
the creation of the well pad. Most of this injury was present on the trees down-
slope of the pad edge, to the north of the pad. This was most likely due to the 
weight of the berm on the rooting area. However, following the flare test, obvious 
sulphur dioxide injury was noted on trees at the edge of the pad to the north of 
the well, also.  The injury ranged from mild to severe.  The severe injury on the 
pad edge covered the midsections of the crowns in windward positions, facing 
the well pad.  Lodgepole pine trees were severely impacted.  Some had primer 
red foliage with no banding patterns, others had reddened needle tips with yellow 
banding at the mid-sections of the needles, and green proximal leaf portions on 
previous years foliage.  This is characteristic of a short-term acute exposure to 
sulphur dioxide.  On these trees, some of the current foliage remained green.  
Further into the stand north of the well, the injury was confined to the upper 
portions of the crowns.  In the first 15 meters into the forest from the pad edge, 
injury was noted on prickly rose (Rosa acicularis) and thimbleberry (Rubus 
parviflorus).  This consisted of brownish marginal and interveinal bifacial necrosis 
on exposed upper leaves.  Olive green to pale yellow chlorosis with brown 
margins was common on exposed Peltigera aphthosa and Peltigera canina. The 
pre-flare model for this well had predicted the maximum injury to occur several 
hundred meters to the northeast.  All of the areas predicted to receive injury were 
located on the mountain side above the well; monitors were installed in these 
areas.  The passive monitors showed a very low exposure to sulphur dioxide in 
the cutblock to the northwest of the well site and the rest were below background 
levels.  Further, the post-flare modeling indicated an area to the northwest of the 
well had been impacted.  This area was assessed during the post-flare visit.  
There were no visible signs of injury in this area.  Visible injury was only 
observed at the well pad edge.  Some of the injury at the well pad edge appeared 
to be similar to salt injury.  Elevated salt, possibly from brine contaminated 
produced water was found in lichen, moss and foliar tissue at the well pad edge.  
This declined with distance into the stand, and was noted to decline in 
concentration in tissue over time (three separate tissue collections were made).  
Subsequent visits to this well test indicated trees had started to recover from 
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injury, that is they were greener than in the previous assessments, and most of 
the reddened foliage had fallen to the ground.  
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A48.    Average inorganic/organic sulphur ratios of sub-alpine fir tissues collected at 

each monitoring station (where available) around d-7-E/93-P-3 in June (pre-flare) 
and September (post-flare). 
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A49.    Average total sulphur in lichen tissues collected from each monitoring station 

(where available) around d-7-E/93-P-3 in July 2003 (secondary post-flare). 
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A50.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors located at five monitoring stations around d-7-E/93-P-3.  
Exposure period:  June 3 to September 20, 2000. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A51.   Pre-flare condition of pine and sub-alpine fir on north edge of d-7-E/93-P-3 

lease. Photo taken June 3, 2000. 
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A52.    Sulphur dioxide injury to the same stand of tress shown above in Figure 

A51 at d-7-E/93-P3.   Photo taken September 2, 2000, post-flare. 
 
 

 
 
 
A53 (right).  Residual injury recovering (mainly just stripped branches with no 

foliage) at the same stand shown above (Figures A51 and A52), on 
the north edge of the d-7-E/93-P-3 lease.   Photo taken July 17, 
2003, during secondary post-flare visit. 

 
A54 (left).    Recovering from injury: sub-alpine fir along north edge of lease at  

d-7-E/93-P-3.  Photo taken July 17, 2003. 
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Well:  b-66-F/93-P-5 
  
General Location:  Brazion Creek, High Hat Mountain 
 
UTM Coordinates:  574456.6E, 6138290.0N 
 
Physiography:  montane, on gently sloping plateau above main valley 
 
Biomonitoring Station Constellation: 
 
1 
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6
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Date of Flare Event:  

• January 30, 2001 for 8.5 hours 
 
Dates of Field Work:   

•  December 14, 2000 (pre-flare assessment) 
•  February 12, 2001 (post-flare assessment) 

 
Predicted Maximum Canopy Level 1-Hour SO2 Concentrations: 

• Range: 9372 µg/m3 – 10 089 µg/m3 or 3523.3 ppb- 3792.9 ppb (from 
maximum values generated by models using Sukunka Valley meteorology 
and screening meteorology), both occur at approximately 2.1 km west-
northwest of the well 
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Actual Modeled Maximum Ground Level SO2 Concentrations:   
• 445 µg/m3 or 167 ppb was predicted by ISCST3 during the 1st hour of 

flaring 
• 441 µg/m3 or 166 ppb was predicted by ISCST3 during the 6th hour of 

flaring 
• All of the rest of the maximum hourly predictions ranged from 50 µg/m3 - 

180 µg/m3 or 19 ppb - 68 ppb 
• Highest ground level concentration occurred northeast of the well 

 
Maximum Measured H2S Content: 15.1% 
 
Meteorological Conditions: 

• Winds are predominately from the west-southwest 
• Winds speeds ranged from 4.2 to 8.5 m/s  
• Temperatures ranged from -4.3˚C to -6.2˚C during the flare 

 
Sample Components: 

• Lichens: Bryoria sp. and Hypogymnia physodes 
• Conifers: sub-alpine fir, lodgepole pine, and Engelmann spruce 
• Passive SO2 monitors (x = 10) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 1506 ppm 1687.75 ppm 

Conifer total sulphur 950 ppm Not available 
Conifer Si:So  0.191 0.250 

 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1a 2.36 
1b 2.34 
2a 2.64 
2b 2.57 
3a 2.27 
3b 2.65 
4a 2.02 
4b 2.14 
5a 0.44 
5b 0.47 
6a 0.74 

6b 0.75 
7a n/a 
7b n/a 
8a 3.02 
8b 2.64 
9a 0.85 
9b 0.89 
10a 2.91 
10b 2.90 

Mean 1.92 
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Species Composition: 
Species list is incomplete due to snow cover 
 

• balsam popular • sub-alpine fir 
• black current • lodgepole pine 

• Engelmann spruce • Bryoria sp. 
• soopolallie • Hypogymnia physodes 
• white-flowered rhododendron • Platismatia glauca 
• Sitka alder 

  
Results 
 
Sulphur dioxide concentrations at b-66-F/93-P-5 increased slightly from 
background levels to a mean of 1.9 ppb (measured by the passive monitors) 
during the well flare test.  However, the Brazion gas plant may have influenced 
these results.  Two very sensitive conifer species, sub-alpine fir and lodgepole 
pine, showed an increase in Si:So ratios after the flare, especially at sites 
adjacent to the well pad.  The Maxxam passive monitors confirmed that the 
locations predicted by the model to receive maximum concentrations did receive 
some sulphur dioxide. However, the predicted concentrations were not observed 
and this was not entirely due to the length of exposure time of three months, 
which is an allowable time for exposure for these monitors.  Trees on the pipeline 
edge to the north of the well pad did show very minor sulphur dioxide injury 
during the post-flare assessment.  Most of the injury present around the well was 
due to mechanical damage from well pad construction.  It is likely that winter 
dormancy protected vegetation at this site from any effects from the sour well 
production test flare.  
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A55.    Average inorganic/organic sulphur ratios of conifer tissues collected at 
each of the ten monitoring stations (where available) around b-66-F/93-P-
5 in December 2000 (pre-flare) and February 2001 (post-flare). 
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A56.    Average total sulphur in lichens collected at each of the ten monitoring 

stations (where available) around b-66-F/93-P-5 in December 2000 (pre-
flare) and February 2001 (post-flare). 
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A57.    Concentrations of sulphur dioxide (ppb) registered by the passive 
monitors at ten monitoring stations (two samplers per station) around b-
66-F/93-P-5.  Exposure period:  December 14, 2000 to February 12, 2001.  
Note: Station 7 filters/results are missing. 

 
 

Golder Associates 



March 2004                                            - 53  -                                                  03-1480-058 
 

 

A58.  Snow cover on lodgepole pine at b-66-F/93-P-5. 
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Well:  b-91-L/93-P-5 
  
General Location:  Upper Pine plateau near the Pine River Gas Plant 
 
UTM Coordinates:  not available but the location is: 
Latitude 55˚29’40”N, Longitude 121˚53’0”W 
 
Physiography:  Edge of a gently undulating montane plateau above a main river 
valley.  
 
Biomonitoring Station Constellation: 
 

 
 
Dates of Flare Events:  

• October 18, 2000 for 8 hours 
• November 14 -17, 2000 for 75 hours 

 
Dates of Field Work:   

•  October 11, 2000 (pre-flare assessment) 
•  December 17, 2000 (post-flare assessment) 

 
Predicted Maximum Canopy Level 1-Hour SO2 Concentrations: 

• Range: 23 736 µg/m3 – 25 292 µg/m3 or 8923.3 ppb – 9508.3 ppb (from 
the maximum values of 4 scenarios in stability class 6, only) 

• Mean value is 24 357.2 µg/m3 or 9156.84 ppb 
• Maximum concentration predicted to occur 1.9 km southwest of the well 
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Actual Modeled Maximum Ground Level SO2 Concentrations: 
• October flare range: 516 µg/m3 – 598 µg/m3 or 194 ppb – 224.8 ppb (from 

3 highest 1-hour concentrations predicted by the models), ~7.4 km to the 
east-northeast 

• October flare mean: 564 µg/m3 or 212.0 ppb 
• November flare range: 6690 µg/m3 – 9103 µg/m3 or 2515.0 ppb – 3422.2 

ppb (from 3 highest 1-hour concentrations predicted by the models), ~1.9 
km to the west-southwest of the well 

• November flare mean: 7589 µg/m3 or 2830.5 ppb 
 

Maximum Measured H2S Content: 17.94% 
 
Meteorological Conditions: 

• For October winds were 243.2 degrees, air temperature was 2.1 ˚C  
• For November winds were 79.0 degrees, air temperature was -4.0 ˚C  
• Southwest winds are predominant at this well 

 
Sample Components: 

• Lichens: Bryoria sp. and Hypogymnia sp. (mainly physodes) 
• Conifers: sub-alpine fir and lodgepole pine 
• Passive SO2 monitors (x = 10)  

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 1227 ppm 1348 ppm 
Conifer total sulphur not available not available 
Conifer Si:So  0.50 0.41 

 
Passive Monitoring Results: 
 
Station SO2 (ppb) 

1a 1.97 
1b 2.02 
2a 0.32 
2b 4.62 
3a 5.42 
3b 5.47 
4a 2.91 
4b 3.14 
5a 1.24 
5b 1.10 
6a 2.86 

6b 3.16 
7a 3.61 
7b 3.60 
8a 1.59 
8b 1.47 
9a 1.84 
9b 2.00 

10a 4.28 
10b 4.10 

Mean 2.8 
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Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
 
Species Composition: 
Species list is incomplete due to snow cover. 
 

• lodgepole pine 
• sub-alpine fir 
• Engelmann spruce 
• soopolallie 
• white-flowered rhododendron 
• sitka alder 

• trembling aspen 
• black current 
• Isothecium spiculiferum 
• Bryoria sp. 
• Hypogymnia physodes 
• Platismatia glauca 

 
 
Results 
 
Sulphur dioxide at b-91-L/93-P-5 was detected in the monitors, with one of the 
higher average concentrations of the well flare tests assessed in this project. The 
sub-alpine fir and lodgepole pine, two very sensitive species of conifers, were 
exposed and did not respond with visible injury.  However, a small stand of 
mechanically damaged subalpine fir trees on the northwest corner of the well in a 
depression area beside a pipeline was noted to have both physical and foliar 
sulphur dioxide injury (i.e. red tips and yellow banding on needles of two years 
age).  Due to the temperature at the time of the post-flare assessment (-52˚C) it 
was difficult to see the crowns of the trees.  Although the reddening of needle tips 
was noted in three individual trees, in mid and lower crowns, it is possible 
additional trees could have responded to sulphur dioxide from the flare test.  A 
visit to this well site in the following summer showed some residual injury (Figure 
A62). Trees at further distances from the well site showed no symptoms 
commensurate with sulphur dioxide injury and no change in foliar sulphur status.  
Sulphur content in sensitive lichen species increased (Figure A60).  
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A59.    Average inorganic/organic sulphur ratios of conifer tissues collected at 

each of the ten monitoring stations (where available) around b-91-L/93-P-
5 in October (pre-flare) and December (post-flare). 
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A60.    Average total sulphur in lichens (ppm) collected at each of the ten 

monitoring stations (where available) around b-91-L/93-P-5 in October 
(pre-flare) and December (post-flare). 
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A61.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors located at ten monitoring stations around b-91-L/93-P-5, two 
samplers per station.  Exposure period:  October 11 to December 17 (67 
days). 

 
 

 

A62.    Post-flare injury on sub-alpine fir located to the northwest of the b-91-
L/93-P-5 lease. 
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Well:  c-42-K/93-P-5 
 
General Location:  High Hat Mountain, above Sukunka River Valley 
 
UTM Coordinates:  577300E, 6145650N 
 
Physiography:  Gentle sloping upper elevation plateau and steep sub-ridge 
beneath the prominent main ridges of High Hat Mountain 
 
Biomonitoring Station Constellation: 
 

 
 
Date of Flare Event:  

• January 15 – 23, 2000, actual flare period is not available 
 
Dates of Field Work:   

• January 3, 2000 (pre-flare assessment) 
• February 3, 2000 (post-flare assessment) 
• December 2000 (secondary post-flare assessment) 
• July 2001 (third post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations: 

• Dispersion Analysis was not available. 
 
Actual Modeled Ground Level SO2 Concentrations:   

• Range: 630 µg/m3 – 17 213 µg/m3 or 236.8 ppb – 6471.1 ppb (from 
maximum value estimated by ISCST3 and RTDM models), occurred north 
of the well 

 
Maximum Measured H2S Content: 18.1% 
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Meteorological Conditions: 
• Winds are predominately from the southwest 
• Maximum hourly wind speed was 7.15 m/s 
• Temperatures ranged from -15 ˚C to -28˚C 

 
Sample Components: 

• Lichens: Alectoria sp., Bryoria sp., and Hypogymnia sp. (mainly physodes) 
• Conifers: lodgepole pine and sub-alpine fir 
• Passive SO2 monitors (x = 8) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 999 ppm 921 ppm 
Conifer total sulphur 878 ppm 876 ppm 
Conifer Si:So  0.10 0.10 
Passive SO2 Filters N/A 2.35 ppb 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1 1.17 
2 0.88 
3 0.79 
4 0.94 
5 1.08 
6 6.44 
7 1.24 
8 6.25 

Mean 2.35 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
 
Species Composition: 
Partial species list only 
 

• lodgepole pine • Alectoria sp. 
• sub-alpine fir • Bryoria sp. 
• Engelmann spruce • Hypogymnia physodes 
• white spruce 
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Results 
 
Sulphur dioxide concentrations in the monitors were highest to the northwest of 
the well site on an exposed sub-alpine ridge, where impacts were predicted to 
occur.  Injury attributed to sulphur dioxide in this area consisted only of slight 
needle tip chlorosis on one tree. Most of the injury was confined to the well pad 
edge and was not noticed until the July 2001 secondary post-flare field 
assessment. This is because most of the investigation in the first post-flare 
assessment concentrated in areas predicted by the model to receive injury (i.e. 
beta error).  It is possible that effects from pad construction increased the 
sensitivity of the trees along the lease edge to sulphur dioxide exposure.  A 
transect extending into the stand determined that total sulphur content in lichens 
declined within 15 meters of the edge of the lease.  Si:So ratios in conifers 
appear not to have responded to the well flare test. 
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A64.    Average inorganic/organic sulphur ratios of lodgepole pine tissues   
collected at each of the eight monitoring stations around c-42-K/93-P-5 in 
January (pre-flare) and February (post-flare). 
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A65.       Average inorganic/organic sulphur ratios of sub-alpine fir tissue 

collected (where available) at each of the eight monitoring stations 
around c-42-K/93-P5 in January (pre-flare) and February (post-flare). 

 
 

 
 
A66.      Average total sulphur in lichens (ppm) collected at each of the eight 

monitoring stations (where available) around c-42-K/93-P-5 in January 
(pre-flare) and February (post-flare). 
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A67.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors located at eight monitoring stations around c-42-K/93-P-5.  
Exposure period:  January 3 to February 3, 2000. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A68.    Minor sulphur dioxide injury to outward-facing crowns of conifers on the 

well pad edge at c-42-K/93-P-5.  Photo taken post-flare, July 2001. 
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A69.     Eastern edge of c-42-/93-P-5K lease edge, post-flare, July 2001. 
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Well:  c-97-J/93-I-10 
  
General Location:  Grizzly Valley  
 
UTM Coordinates:  not available but located at: 
Latitude 54˚44’44. 85”N Longitude 120˚42’32. 23”E 
 
Physiography:  Large undulating plateau 
 
Biomonitoring Station Constellation: 
 

 
 
Date of Flare Event:  

• March 18 – 23, 2000 for a total of 122 hours 
 
Dates of Field Work:   

•  March 14, 2000 (pre-flare assessment) 
•  March 25, 2000 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-hour SO2 Concentration: 

• Dispersion Analysis not available 
 
Actual Modeled Maximum Ground Level SO2 Concentrations: 

• Range: 2474 µg/m3 - 3048  µg/m3 or 930 ppb – 1146 ppb (from the 3 
highest values estimated by the models), ~1.6km northwest of the well 

• Mean value of 2759 µg/m3 or 1037.2 ppb 
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Maximum Measured H2S Content: 4.08% 
 
Meteorological Conditions: 

• Winds were primarily from the southwest 
• Strong winds from the east-southeast occurred on the morning of March 

21, reaching speeds in excess of 22.2 m/s 
• Light southwesterly winds were observed for the final 37 hours of the flare 
• Temperatures ranged from ~ 4˚C to -5˚C during the flare period 

 
Sample Components: 

• Lichens: Bryoria fuscescens, Cetraria sp., and Hypogymnia physodes 
• Conifers: lodgepole pine, white spruce, and Douglas-fir 
• Passive SO2 monitors (x = 5) 

  
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 802.2 ppm 959.2 ppm 
Conifer total sulphur 878 ppm 876 ppm 
Conifer Si:So  0.129 0.128 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1a 0.30 
1b 0.22 
2a 0.42 
2b 0.39 
3a 0.48 
3b 0.45 
4a 0.40 
4b 0.48 
5a 11.92 
5b 12.11 

Mean 2.7 
 
 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
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Species Composition: 
Species list is incomplete due to snow cover 
 

• Engelmann spruce • trembling aspen 
• lodgepole pine • black current 
• sub-alpine fir • Bryoria sp. 
• white-flowered rhododendron • Hypogymnia physodes 
• Sitka alder • Platismatia glauca 

 
Results 
 
Sulphur dioxide emissions from the flare test at c-97-J/93-I-10 resulted in a slight 
increase in Si:So ratios in sub-alpine fir at the station directly east of the well, in 
the direction of the prevailing wind.  Slight sulphur dioxide injury was noted in 
lodgepole pine in combination with winter injury at this location.  Passive 
monitoring results confirmed sulphur dioxide exposures to the east-northeast of 
the well; Station 5 was the only monitor which registered an elevated 
concentration of sulphur dioxide.  Based on post-flare modeling, the 
concentrations predicted to occur were very high, however.  The monitors placed 
in the predicted high concentration areas did not record levels higher than 1 ppb 
(background).  As the exposure period of the monitors was relatively short (11 
days), the diluting effect of prolonged exposures was not at issue.   
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A70.      Average inorganic/organic sulphur ratios of conifer tissues collected at 

each of the five monitoring stations around c-97-J/93-I-10 on March 14 
(pre-flare) and March 25, 2000 (post-flare). 
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A71.    Average total sulphur in lichen tissues (ppm) collected at each of the five 
monitoring stations (where available) around c-97-J/93-I-10 on March 14 
(pre-flare) and March 25, 2000 (post-flare). 
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A72.    Concentrations of sulphur dioxide registered by the passive monitors at 

five monitoring stations around c-97-J/93-I-10, two samplers per station.  
Exposure period:  March 14 to March 25, 2000.  

 
No photos are available of this well site. 
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Well:  c-46-H/93-P-4 
  
General Location:  Bullmoose Valley 
 
UTM Coordinates:  590903E, 6109051N 
 
Physiography:  sub-alpine, steep mostly northwest facing mountainside, alpine 
tundra occurs within 200m of the well. 
 
Biomonitoring Station Locations: 
 
 

 8
 7

 2

 3
 4

 1

 9

 6  5

 
 
Date of Flare Event:  

• May 2001, actual periods are not available 
 
Dates of Field Work:   

•  May 28, 2001 (pre-flare assessment) 
•  June 12, 2001 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-hour SO2 Concentrations: 

• Range: 675.3 µg/m3 – 27 403 µg/m3 or 253.9 ppb – 10 301.9 ppb (from 6 
stability classes through 2 scenarios) 

• Mean value of 7810.6 µg/m3 or 2936.3 ppb 
 
 
 
 

Golder Associates 



March 2004                                            - 70  -                                                  03-1480-058 
 

Actual Modeled Maximum Ground Level SO Concentrations:   2 
• Modeled numbers are not available as this site was monitored with a 

real-time continuous monitor which failed to detect sulphur dioxide 
above 1 ppb.  

 
Maximum Measured H S Content: 17% (from pre-flare dispersion analysis) 2
 
Meteorological Conditions: 
Actual meteorological conditions during the flare event are not available 

• Winds are predominately from the southwest (Modeling Dispersion 
Analysis) 

• Winds speeds are not available  
• Ambient temperature ranges are not available 

 
Sample Components: 

• Lichens: Bryoria sp. and Hypogymnia sp. (mainly physodes) 
• Conifers:  sub-alpine fir and spruce 
• Passive SO  monitors (x = 9) 2
• Due to the conditions of the flare and the duration, tissue and ambient 

analysis was completed at five of the nine monitoring stations, the 
remaining four were archived. 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 

1007 ppm 1110 ppm Lichen total sulphur 
865 ppm 982.6  ppm Conifer total sulphur 

0.262 0.253 Conifer Si:So  
 
Passive Monitoring Results: 
 

6a 0.16 Station SO2 (ppb) 
1a 0.15 6b 0.28 
1b 0.09 7a 0.35 
2a 0.21 7b 0.36 
2b 0.26 8a 0.41 
3a 0.30 8b 0.59 
3b 0.45 9a 0.29 
4a 0.46 9b 0.81 

Mean 4b 0.34 0.34 
5a 0.31 
5b 0.33 

 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
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Species Composition: 
No species list available 
 
Results 
 
Despite the high concentration of sulphur dioxide predicted for this well flare test, 
c-46-H/93-P-4 produced only small quantities due to a low volume flare.  Both the 
real-time continuous monitor and the adjacent Maxxam Analytics monitors 
showed < 1 ppb. This site, as well as b-3-G/93-P-3 (below), are the only well flare 
tests which employed both continuous and passive monitors.  Both show 
agreement between the two monitor types.  The passives detected lower 
concentrations than the continuous monitors; most of them were situated in 
areas predicted to receive high emissions from the modeling. The higher values 
occurred close to the well site, near were the continuous monitor was located. 
The vegetation did not responded to this well flare test.  No injury was detected 
and no increase in the sulphur status of lichen and conifer tissues occurred.  
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A73.    Average inorganic/organic sulphur ratios of conifer tissues collected at 

each of the monitoring stations (where available) around c-46-H/93-P4 in 
May (pre-flare) and June (post-flare). 
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A74.    Average total sulphur in lichen tissue (ppm) collected at each of the 

monitoring stations (where available) around c-46-H/93-P-4 in May (pre-
flare) and June (post-flare). Note these data are an example of non-flare 
event related fluctuations in sulphur concentrations. 

 
 

0.0
1 2 3 4 5 6 7 8 9

Biomonitoring plot numbers

Av
er

0.1

0.2

0.3

0.4

0.5

0.6

ag
e 

co
nc

en
tra

tio
n 

of
 S

O
2 

(p
pb

)

 
 
A75.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors located at nine monitoring stations around c-46-H/93-P4.  
Exposure period:  May 28 to June 12, 2001. 
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A76.    Pre-flare vegetation condition between Stations 3 and 4 on the lower 

slope, adjacent and north-northeast edge of the c-46-H/93-P-4 well pad. 
 

 

A77.    Post-flare vegetation condition at Station 4, adjacent to the c-46-H/93-P-4 
well pad, on the lower slope. 
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Well:  c-12-L/93-I-9 
  
General Location: Ojay: Grizzly Valley 
 
UTM Coordinates:  not available but located on the South Grizzly Road near the 
Alberta boarder south of Red Deer Creek. 
 
Physiography: in a small north-south trending valley in rolling foothills, on the 
edge of the Alberta plain.  
 
Biomonitoring Station Constellation: 
 

 
 
Date of Flare Event:  

• September 21 – 30,1999 for a total of 208.5 hours 
• The flaring was continuous except for between 08:00 to 16:30 on 

September 23, when flows were reduced to zero. 
 
Dates of Field Work:   

• August 24 – 28, 1999 (pre-flare assessment) 
• October 17 – 18, 1999 (post-flare assessment) 
• October 28, 1999 (second post-flare assessment) 
• July 15, 2003 (third post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations: 

• Dispersion Analysis is not available. 
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Actual Modeled Maximum Ground Level SO2 Concentrations: 
• Post-Flare Analysis is not available. 

 
Meteorological Conditions: 
Details not presented due to unavailability of Post-Flare Analysis. 

• Winds predominately from the southeast 
 
Sample Components: 

• Lichens: Peltigera aphthosa, Bryoria sp., and Hypogymnia sp. 
• Conifers: lodgepole pine 
• Passive SO2 monitors: (x = 7) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 1179.5 ppm 1190ppm 

Conifer total sulphur 1230.95 ppm 947.62 ppm 
Conifer Si:So  0.20 0.18 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1a 1.00 
1b 1.00 
1c 1.00 
2a 0.70 
2b 0.90 
2c 0.80 
3a 0.40 
3b 0.50 
3c 0.50 
4a 0.10 

4b 0.10 
4c 0.10 
5a 0.60 
5b 0.50 
5c 0.60 
6a 0.20 
6b 0.20 
7a 0.10 
7b 0.10 

Mean 0.495 

 
Vegetation Type: 
Late seral stage Boreal White Spruce and Black Spruce (BWBS) 
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Species Composition: 
 

• Lodgepole pine 
• Douglas-fir 
• Paper birch 
• Sitka alder 
• Bunchberry 
• Douglas maple 
• Soopolallie 
• Prickly rose 
• Clasping twisted stalk 
• Richardson’s geranium 
• Pine grass 
• False Solomon’s seal 

• Princes pine 
• Winter green sp. 
• Cetraria canadensis 
• Hylacomnium splendens 
• Pleurozium schreberi 
• Bryroria sp. 
• Platismatia glauca 
• Hypogymnia physodes 
• Parmelia sulcata 
• Peltigera canina 
• Peltigera membranaceae 
• Peltigera aphthosa 

 
 
 
Results 
 
The isopleths of the model indicated that injury would be 1.5 km from c-12-L/93-I-
9, along the eastern slope of the hillside.  No injury or dramatic changes in 
sulphur status were noted in any of these locations. Visible injury appeared on a 
single juvenile subalpine fir tree on the edge of the pad on the berm upslope and 
to the east of the well.  This tree showed slight reddening to the windward side of 
the crown following the well flare test.   The areas to the east of the well showed 
a slight increase in Si:So ratios.  This site was visited again in 2003; the tree with 
the red foliage had recovered with very little needle loss.  
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A78.    Average inorganic/organic sulphur ratios of lodgepole pine collected at 

each of the seven monitoring stations around c-12-L/93-I-9 in August (pre-
flare) and October (post-flare). 
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A79.    Average total sulphur in lichens (ppm) collected at each of the seven 

monitoring stations around c-12-L/93-I-9 in August (pre-flare) and October 
(post-flare). 
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A80.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors (3 samplers per station) located at seven monitoring stations 
around c-12-L/93-I-9.  Exposure period:  August 24 to October 18, 1999. 

 
 
 
There are no photos are available for c-12-L/93-I-9. 
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Well:  c-43-I/93-I-14 
  
General Location:  Murray River 
 
UTM Coordinates:  625974E 6097585N 
 
Physiography:  lower montane valley side 
 
Biomonitoring Station Constellation:  
 

 
Note: red dots are monitoring stations. 
 
Date of Flare Event:  

• June 7, 2001 for 7 hours 
 
Dates of Field Work:   

•  May 10, 2001 (pre-flare assessment) 
•  June 13, 2001 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations:  

• Range: 610 µg/m3 – 24 805 µg/m3 or 229.3 ppb – 9325.2 ppb (from 2 
scenarios through 6 stability classes)  

• Mean 7803.5 µg/m3 or 2933.65 ppb 
 

Actual Modeled Maximum Ground Level SO2 Concentrations:   
• 854 µg/m3 or 321.1 ppb (in stability class 2), occurred east-northeast of 

the well 
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Maximum Measured H2S Content: 11.0% 
 
Meteorological Conditions: 

• Wind speeds were ~4.3 m/s, predominantly from the southwest 
 
Sample Components: 

• Lichens: Hypogymnia sp. and Bryoria sp. 
• Conifers: sub-alpine fir, spruce, and lodgepole pine 
• Passive SO2 monitors (x = 7) 

 
Vegetation Response: 
 
Mean values of: Pre-Flare Post-Flare 
Lichen total sulphur 1198 ppm 1203 ppm 
Conifer total sulphur 859.58 ppm 797.89 ppm 
Conifer Si:So  0.154 0.144 

 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1a 0.37 
1b 0.35 
2a 0.57 
2b 0.44 
3a 0.25 
3b 0.24 
4a 0.26 

4b 0.24 
5a 0.12 
5b 0.23 
6a 0.13 
7a 0.32 
7b 0.30 

Mean 0.294 

 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
Past fire history, broadleaf deciduous (trembling aspen and paper birch) seral 
stage 
 
Species Composition: 
 

• soopolallie • trembling aspen 
• sub-alpine fir • false Solomon’s seal 
• lodgepole pine • Parmelia sulcata 
• Douglas-fir • Bryoria sp. 
• paper birch • Peltigera canina 
• Sitka alder • Peltigera membranaceae 
• prickly rose • Peltigera aphthosa 
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Results 
 
Mechanical injury was present on lodgepole pine at the edge of the lease prior to 
the well flare test. This was likely a combination of drought, root exposure, and 
winter injury.  Following the flare-test there was little change in the Si:So ratios of 
the conifers. There was also very little change in the sulphur content of the lichen 
samples, although one station was exposed to emissions from another, older well 
site with a glycol dehydrator, and were therefore relatively high (>2000 ppm).  
The deciduous forest showed no observable impacts to exposed foliage from 
sulphur dioxide, but little is known about the timing, concentrations and duration 
of this flare test.  
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A81.    Average inorganic/organic sulphur ratios of conifer tissues collected at 

each of the seven monitoring stations (where available) around  
c-43-I/93-I-14 in May (pre-flare) and June (post-flare). 
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A82.    Average total sulphur in lichen tissues (ppm) collected at each of the 

seven monitoring stations (where available) around c-43-I/93-I-14 in May 
(pre-flare) and June (post-flare). 

 

 
 
A83.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors located at seven monitoring stations around c-43-I/93-I-14.  
Exposure period:  May 10 to June 13, 2001. 

 
 

Golder Associates 



March 2004                                            - 83  -                                                  03-1480-058 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A84 (left).  c-43-I/93-I-14 lease and 
                 forest stand edge, as viewed  
                 from Station 4, pre-flare May        
                10, 2001. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A85 (right).  Vegetation condition at 

c-43-I/93-I-14, Station 6, 
pre-flare, May 10, 2001. 
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Golder Associates 

Well:  b-3-G/93-P-3 
  
General Location:  Wolverine River Valley 
 
UTM Coordinates:  617525.9E, 6105752.7N 
 
Physiography:  Undulating plateau above main valley, montane to sub-alpine 
 
Biomonitoring Station Constellation: 
 

 
 
Dates of Flare Events:  

• July 20 - 30, 2003 for 39 hours 
• August 18 - 22, 2003 for 24 hours 

 
Dates of Field Work:   

•  July 3, 2003 (pre-flare assessment) 
•  September 19, 2003 (post-flare assessment) 

 
Predicted Maximum Ground Level 1-Hour SO2 Concentrations:  

• Range: 2360 µg/m3 - 48 540 µg/m3 or 887.2 ppb - 18 248.1 ppb (from 5 
scenarios through 6 stability classes) 

• Mean value of 33 738  µg/m3 or 12 684 ppb 
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Actual Modeled Maximum Ground Level SO2 Concentrations:   
• 1271 µg/m3 or 478 ppb (July flare), east of well site 
• Range:  454 µg/m3 -1378 µg/m3 or 171ppb  - 518 ppb (August flare) 

(based on exceedances of the B.C. Level A Air Quality Objective 
[450µg/m3] through 6 stability classes) , northeast of well site 

• Mean value of 754.75 µg/m3 or 284 ppb (August flaring period) 
 
Measured H2S Content:  

• 15.0 to 30.7% (July flare) 
• 11.0 to 20.5% (August flare) 

 
Meteorological Conditions: 

• For the July flare wind speeds ranged from 0.2 to 3.3m/s, predominately 
from the west 

• For the August flare wind speeds ranged from 0.3 to 3.1 m/s and winds 
were predominately from the west-southwest 

 
Sample Components: 

• Lichens: Hypogymnia physodes and Peltigera sp. 
• Conifers: spruce, and lodgepole pine 
• Passive SO2 monitors (x = 10) 

 
Vegetation Response: 
 
Mean value of: Pre-Flare Post-Flare 
Lichen total 
sulphur 

1436.7 ppm (Peltigera sp.) 
636 ppm (Hypogymnia physodes)

1458.8 ppm (Peltigera sp.) 
798 ppm (Hypogymnia physodes)

Conifer total 
sulphur 887 ppm 856 ppm 

Conifer Si:So  0.1639 0.1404 
 
Passive Monitoring Results: 
 

Station SO2 (ppb) 
1 0.30 
2 0.30 
3 0.30 
4 0.30 
5 0.40 
6 1.10 

7 0.10 
8 0.20 
9 0.40 

10 1.20 
Mean 0.46 

 
Vegetation Type: 
Engelmann Spruce – Sub-alpine Fir (ESSF) 
Past fire history, broadleaf deciduous (trembling aspen) seral stage 
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Species Composition: 
 

• trembling aspen (dominant) 
• lodgepole pine (co-dominant) 
• sub-alpine fir (understory) 
• Engelmann spruce 
• soopolallie 
• Sitka alder 
• high-bush cranberry 
• birch-leaved Spirea 
• prickly rose 
• chokecherry 
• saskatoon 
• common juniper 
• kinnikinnick 
• willow sp. 
• black gooseberry 
• twinflower 
• bunchberry 
• prince’s pine 
• mountain sweet-cicely 
• creamy peavine 
• american vetch 
• fireweed 
• tall bluebell 

• wild strawberry 
• wild sarsaparilla 
• hawkweed sp. 
• heart-leaved arnica 
• paintbrush sp. 
• oak fern 
• cow-parsnip 
• sweet-scented bedstraw  
• one-sided wintergreen 
• common horsetail 
• violet sp. 
• red-stemmed feathermoss 
• Bryoria fuscescens 
• Hypogymnia physodes 
• Hypogymnia imshaugii 
• Platismatia glauca 
• Peltigera membrancea 
• Peltigera sp. 
• Dicranum fuscescens 
• Cladina mitis 
• Cladonia gracilis 
• Cladonia chlorophaea 
• Campylium stellatum 

 
 
Results 
 
Based on previous work on gas well production tests, maximum injury usually 
occurs in the area directly adjacent to the lease, in the direction of prevailing 
winds.  However, at this site slight injury and slightly higher records of sulphur 
dioxide were noted at approximately 1.1 km from the well in the direction of 
prevailing winds. This is likely due to the steepness of the terrain directly 
adjacent to the well and the direction of prevailing winds. Overall forest pathology 
showed little change from pre to post-flare. The injury was confined to exposed 
foliage of three trees, and is thought to be recoverable. The injury, shown in 
Figures A90 and A91, occurred in the area predicted to receive the greatest 
ground levels sulphur dioxide concentrations by the modeling; this conclusion is 
supported by the passive monitoring data as well as sulphur chemistry analysis 
of conifer and lichen tissue.  
 

Golder Associates 



March 2004                                            - 87  -                                                  03-1480-058 
 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

Pinus Pinus Picea Pinus Picea Pinus Pinus Pinus Pinus Pinus

1 2 3 4 5 6 7 8 9 10
Station # and Species

Si
:S

o
Pre-Flare Si:So
Post-Flare Si:So

 
 
A86.    Average inorganic/organic sulphur ratios for conifer tissues collected at 

each of the ten monitoring stations around b-3-G/93-P-3 in July (pre-flare) 
and September (post-flare). 

 
 

0.000

0.020

0.040

0.060

0.080

0.100

0.120

3 6 7 8 10
Station Number

To
ta

l S
 (%

)

Pre-flare Total S (%) in
Hypogymnia physodes
Post-flare Total S (%) in
Hypogymnia physodes

 
 
A87.    Average total sulphur in Hypogymnia physodes collected at each of the 

ten monitoring stations (where available) around b-3-G/93-P-3 in July (pre-
flare) and September (post-flare). 
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A88.    Average total sulphur in Peltigera species collected at each of the ten 

monitoring stations (where available) around b-3-G/93-P-3 in July (pre-
flare) and September (post-flare). 
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A89.    Concentrations of sulphur dioxide (ppb) registered by the passive 

monitors located at ten monitoring stations around b-3-G/93-P-3.  
Exposure period: July 3 to September 19, 2003. 
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A90-91. Minor tip burn possibly from sulphur dioxide on lodgepole pine at  

b-3-G/93-P-3, Station 10. 
 

 
 
A92.  Eastern edge of b-3-G lease facing Station 5, note a few aspen in the 

foreground have minor mechanical injury to their lower stems.  
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Closure 
 
We trust the above meets your requirements.  If you have any further questions, 
or require additional details, please contact the undersigned. 
 
 
Golder Associates Ltd. 
 
Report prepared by: 
 
 

 
 
 
Katherine Enns, M.Sc., R.P.Bio    
Senior Environmental Scientist   
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