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ABSTRACT:

Sumps act as the main form of containment and disposal method of wastes associated with 

exploratory hydrocarbon drilling. Leakage of drilling wastes from these sumps to the 

aquatic environment can be very damaging because of their toxic constituents. The purpose 

of the paleolimnological study is to investigate the long-term trends of a failed exploratory 

hydrocarbon drilling-mud sump on cladoceran assemblages. Failed sumps are expected to 

release drilling wastes that will increase lake water conductivity, salinity, and ionic 

composition. In an attempt to determine if past sump failures have affected aquatic biota, 

subfossil cladoceran remains were analyzed from the sediments of impacted Lake I20 and 

control Lake C23 in the Mackenzie Delta uplands (NT, Canada). Water was sampled to 

provide current water-chemistry data to compare between the two lakes.  The results 

showed that conductivity, DOC, DIC, TDS, TSS, turbidity, and the levels of calcium, 

phosphorus, sodium, and sulphate in Lake I20 were still elevated compared to Lake C23. 

The cladocera assemblage in Lake I20 showed a distinct shift coincident with the timing of 

the construction and abandonment of sump Parsons F-09, suggesting that the sump might 

have never been successful at containing the drilling wastes. It is possible that the drilling 

wastes were already affecting the aquatic environment of Lake I20 at the time of sump 

excavation based on the stratrigraphic profile. The sedimentary record of Lake C23 showed 

no abrupt changes. Instead, the assemblage showed changes suggestive of climate change 

rather than sump disturbance. This paleolimnological study provides a better understanding 

of the impacts of sump activity in the Arctic aquatic ecosystems and provides initial long-

term records of sump disturbance.
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INTRODUCTION:

Sumps as a disposal method for wastes associated with oil and gas drilling and extraction

The Canadian Arctic, and particularly the Mackenzie Delta region (Northwest 

Territories, Canada), is an area of great interest for oil and gas exploration and extraction. 

Since exploration began in ~1965, about 150 exploratory hydrocarbon wells and associated

drilling-mud sumps have been drilled and constructed in this region, with the majority of 

the sumps constructed from 1970 to 1980 (Jenkins et al., 2008; Johnstone and Kokelj, 

2008; Kanigan and Kokelj, 2010). This has resulted in various disturbed landscapes and 

problems associated with the successful containment of the drilling wastes. 

A sump, as defined here, is a man-made pit in the permafrost, which acts as the main 

disposal method of wastes associated with exploratory drilling (Kanigan and Kokelj, 2010)

(Figure 1). Sump location is preferred on leveled surfaces and high ground, in permafrost 

terrain, and away from streams, drainages, ice-rich soil, and groundwater (Hardy and 

Stanley, 1988). The size of the sump is dependent on the volume of drilling fluids used in 

the operation, which is related to the depth of the well. For holes deeper than 1,500 m, a

sump volume of at least 1.3 m3 per metre drilled is recommended by the Petroleum Industry 

Training Service (PITS) (Hardy and Stanley, 1988). For example, a 3,000 m deep well 

requires a 50 x 25 x 5 m deep sump to contain the 40,000 m3 of drilling fluid used in the 

process (French, 1980). 

The large amounts of drilling fluids are then deposited in the sumps. Drilling fluids are 

primarily composed of water and a mixture of mud components (Smith and James, 1979). 

Sumps containing these are called drilling-mud sumps, but will be referred to as sumps 

here. For drilling below 2,000 m deep, a brine-based drilling fluid is used and for drilling 
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less than 2,000 m, a freshwater-based mud is used (Hardy and Stanley, 1988). Depending 

on the hole size, the drilling fluids can include a mixture of potash (potassium chloride), 

bentonite, barite (barium sulphate), caustic soda (sodium hydroxide), lignosulphonates 

(ferrochrome organic compounds) and a xanthan polymer (Hardy and Stanley, 1988; Smith 

and James, 1979). The polymer is used to provide viscosity and density; the 

lignosulphonates may be added to reduce viscosity of the mud system; caustic soda is used 

to control pH and remove calcium; barite is used to increase mud density when abnormal 

formation pressures are encountered; bentonite is used as a viscosifier; potash is used to 

lower the freezing point of the mud (Hardy and Stanley, 1988).  The washing of the rig 

includes water also containing oil, grease, dirt, and detergents that is added to the drilling 

wastes. These drilling chemicals, along with the rig wash, excavated mud, and rock 

cuttings, are disposed of in the sumps excavated in the permafrost next to the well-head 

(Jenkins et al., 2008; Johnstone and Kokelj, 2008).  

Once the drilling wastes have frozen, the sumps are capped with the excavated 

materials to create a low mound (Kokelj and GeoNorth Ltd., 2002). The permafrost is 

relied on as a containment medium for permanent disposal of the wastes. The intension is 

that the sump contents would freeze in situ and that the wastes would be prevented from 

escaping into the environment (Johnstone and Kokelj, 2008). Thus, it is imperative that the 

sumps are properly constructed and sealed to prevent leakage and environmental pollution.

It would be damaging if the drilling wastes were to be exposed to vegetation and 

aquatic animals because of their toxic constituents (French, 1980). For example, potassium 

chloride (KCl), the main component of drilling fluids contained in sumps, can cause toxic 

effects and environmental damage when aquatic environments are exposed to 
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concentrations greater than 0.69 g/L (Utz and Bohrer, 2001). Leblanc and Surprenant 

(1984) demonstrated in a laboratory setting that high concentrations of KCl can 

significantly reduce the fecundity of the cladoceran species Daphnia magna. In another 

study, Land (1974) reported that K concentrations of 0.1 g/L can be harmful to freshwater 

environments. Out of the 27 common chemicals used in drilling operations, 13 are known 

to be acutely toxic to rainbow trout (Falk and Lawrence, 1973). Sump failure is a large 

issue and problems associated with proper containment are becoming more evident in the 

years (Dyke, 2001; French, 1978, 1980; Jenkins et al., 2008). 

Sump cap integrity and proper waste containment are dependent on a number of 

operational and environmental factors (Kokelj et al., 2010). Poor geographic sump location 

and improper sump size are problems that can be avoided. Poor choice of sump location 

can cause deterioration of the sump walls or contamination of the environment (Smith and 

James, 1979). If the sump is too small, spillage of wastes can occur during capping. A lack 

of infill to cap the sumps may prevent the wastes from freezing fully. Capping of unfrozen 

wastes can then cause the waste fluids to squeeze to the surface (French, 1978). These all 

lead to containment and restoration problems (French 1978, 1980). Permafrost degradation,

as a result of increased temperatures, altered vegetation cover on sump caps, and increased 

snow accumulation, is another major concern for the integrity and success of sumps (Burn 

and Kokelj, 2009; Jenkins et al., 2008; Johnstone and Kokelj, 2008; Kokelj et al., 2010). 

Leakage of the drilling wastes from failed sumps is possible and if so, has implications for

the surrounding ecosystems. 

Cladoceran microfossils as indicators of past environmental change
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Cladocera (Crustacea: Branchiopoda), which are small aquatic invertebrates found in 

most freshwater ecosystems, make effective paleoindicators for a number of reasons. 

Cladocera are well distributed in lakes and ponds across the Arctic and sub-Arctic regions 

(Sweetman and Smol, 2006a). Because of their intermediate position in aquatic food webs 

as grazers on algae and as a food source for fish and invertebrate predators, they can be 

used as indicators of trophic cascades and changes within the ecosystem (Korhola and 

Rautio, 2001). Changes in sedimentary cladoceran assemblages can be used to assess the 

impacts of failed sumps on the aquatic environment.

Secondly, Cladocera can be used to monitor changes in the environmental condition of 

a lake or pond because of their sensitivities to different environmental factors and short 

generation times (Korhola and Rautio, 2001). Each cladoceran taxon has an ecological 

optimum for a variety of environmental variables. Changes in limnological conditions, 

including chemical variables such as conductivity, colour, pH, alkalinity, nutrients, or 

contaminants, can result in changes to the cladoceran community and affect the 

distribution, diversity, and abundance of different species (Korhola and Rautio, 2001).

Thirdly, the chitinized body parts of Cladocera preserve well in lake sediments. Their 

subfossil remains, primarily in the form of taxonomically-specific headshields, shells or 

carapaces, and postabdominal claws, can be used to track the distribution of species

through time (Smol, 2008). This is especially important when monitoring data is rarely 

available, such as in the Arctic. Cladoceran subfossil remains have been used as effective 

indicators of water salinity and ionic composition in the Interior Plateau of British 

Columbia (Bos et al., 1999). Previous studies have also shown that increased salinity and 

conductivity can affect the distribution of certain species (Chengaleth, 1982; Bos et al., 
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1996, 1999). Aside from Alona circumfimbriata, which is found to be eurybiotic and 

thrives in brackish water (Chengaleth, 1982), most cladocerans prefer oligotrophic and low 

ionic strength waters (Korhola and Rautio, 2001). By investigating the distribution of 

Cladocera, past environmental conditions can be inferred. The use of sedimentary 

cladoceran assemblage in this study is very important when there are no previous long-term 

human records examining the effects of failed drilling-mud sumps on aquatic ecosystems. 

Objectives of Study

Although there has been previous research exploring the changes in vegetation

(Johnstone and Kokelj, 2008), permafrost (Burn and Kokelj, 2009), active layer dynamics

(Kokelj and Burn, 2005), soil chemistry (Smith and James, 1979), and ground temperatures 

(French and Smith, 1980) in sump-disturbed areas, very little work has been conducted 

investigating the biological and chemical impacts of failed sumps on freshwater ecology. 

The purpose of the study is to assess the impacts of a failed exploratory hydrocarbon 

drilling-mud sump on cladoceran assemblages in the Mackenzie Delta uplands (NT, 

Canada). The investigation will examine long-term trends in cladoceran assemblage 

changes from ~1850 to the present, assess if a shift in assemblage has occurred consistent 

with the timing of sump excavation or failure, and discuss the ecological effects of drilling 

waste from failed sumps on cladoceran assemblages.

It is known that, with sump failure, there will be seepage of drilling wastes to the 

external environment, including nearby lakes. These drilling wastes are expected to 

increase water conductivity, salinity, pH, and the concentration of Cl, P, K, and Na

(Hrudey, 1979). Using a paired lake approach (i.e., one sump-affected and one nearby 
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control lake), I hypothesize that there will be a noticeable change in the cladoceran 

assemblage following the construction and abandonment of a failed sump. Through this 

paleolimnological study, initial long-term records of sump disturbances to Arctic lakes can 

be made and the impacts of hydrocarbon exploration can be better understood.
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METHODS:

Study Area

The study area is situated in northwestern Canada in the Mackenzie Delta uplands (NT, 

Canada), east of Parsons Lake (Figure 2). This region, located north of the treeline, is 

characterized by hilly topography, numerous lakes, and ice-rich permafrost (French, 1978). 

Elevation in the Parsons Lake area is less than 60 m above sea level (Smith and James,

1985). Mean air temperatures from October to April are less than 0℃ (Lantz et al., 2010). 

The surface of the uplands is composed of fine-grained lacustrine, alluvial, or glacial 

sediments (Rampton, 1988). 

The sump of interest is Parsons F-09 (industry assigned well name, ESAT ID: 20, 

68°58’27.9984” N, 133°31’45.9984” W) which was constructed in December 1971. The 

sump has dimensions of approximately 200 m by 80 m. It was capped four months later in 

April 1972. The drilling well that corresponds to the F-09 sump is 3,547.3 m deep. The 

corresponding lake sampled in the surrounding F-09 sump area is I20 (impacted lake, 

68°58’31.9135” N, 133°31’27.5905” W). Lake I20 has a lake perimeter of 793 m and is 

located 320 m southwest of Parsons F-09. The direction of flow from F-09 is southwest, 

towards I20.  The catchment of Lake I20 is directly downslope of sump F-09. Lake I20 is

identified as a disturbed lake because of the evident ponding that has formed on its sump 

cap and the altered vegetation.

The secondary sump of interest is Kamik L-60 (industry assigned well name, ESAT ID: 

23, 68° 59' 48.0012" N, 133° 31' 49.9974" W). It is 70 m by 75 m and was open partially in 

the spring season from March to June 1975. L-60 experienced major subsidence, 

degradation, and ponding on its sump cap. One of the lakes in the surrounding sump area is 
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C23 (control lake, 68°59’52.5110” N, 133°30’49.4175” W). Lake C23 has a lake perimeter 

of 1053 m and is located 800 m northwest of Kamik L-60. Although L-60 is a failed sump, 

C23 is not impacted because it is situated on higher elevation and away from the sump 

catchment (Figure 2). The direction of flow from L-60 is southwest, away from C23. 

Therefore C23 will be used as a control lake to compare to I20.

Lake Sampling and Radiometric Dating

A 29 cm gravity sediment core was collected from C23 and a 39 cm long core was 

collected from I20 in August 2009 using a Glew (1989) gravity corer. Both cores have an 

internal diameter of 7.6 cm. Following collection, the cores were extruded into 0.25-cm

intervals using a Glew (1988) vertical extruder and then stored in a cold room at 4°C. At 

the time of sediment sampling, surface water samples were also retrieved for water 

chemistry analysis at the National Laboratory for Environmental Testing (NLET, 

Burlington, Ontario) using methods described in Environment Canada (1994a,b).

Select sediment intervals were processed for low-background gamma counting of 210Pb 

(Schelske et al., 1994) at PEARL (Kingston, Ontario). Sediment age determination was 

calculated using constant rate of supply model (CRS) (Appleby and Oldfield, 1978). 

Background levels were determined using standard methods by Binford (1990) and were

reached at approximately 8 cm for I20 (1910) and approximately 9 cm for C23 (1836).

Profiles of 210Pb activity over depth are included in Appendix A. 

Cladoceran Preparation
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Because of a lack of sediments, intervals were combined to represent whole centimetre 

intervals. Sediments were prepared for cladoceran analysis using the methodology outlined 

in Korhola and Rautio (2001). A volumetric sample of wet sediment (~3.5-4g) was 

deflocculated in an 80 mL glass beaker with 10% potassium hydroxide (KOH) solution and 

heated to 70-80℃. The average heating time was 30 min for C23 and 1 hr for I20. Gentle 

stirring was applied using a glass rod. Each KOH-sediment mixture was then poured 

through a 38 µm sieve and rinsed through with deionized water to remove the KOH and 

organic debris. The remaining residue was then transferred into small, labeled, glass vials 

with deionized water. Three drops of safranin-glycerin solution was added to stain the 

cladoceran remains and three drops of ethanol was added to prevent fungal growth. 

Samples were then plated by pipetting 50 µL aliquots onto a clean slide and then allowed to 

dry. Subsequent aliquots were added to increase the concentration of remains on the slides. 

Cover slips were applied over the dried slides using 2 drops of heated glycerin jelly as a 

mounting medium. Full centimeter intervals were prepared to 8 cm for I20 and 9 cm for 

C23 using the above procedure. 

Cladoceran Analysis

Prepared slides were viewed at 200X or 400X magnification using a Leica DMRB light 

microscope. Headshields, carapaces, postabdomens, and post-abdominal claws were 

enumerated and identified for each sedimentary layer primarily following the subfossil 

taxonomy of Szeroczyńska and Sarmaja-Korjonen (2007) and Sweetman and Smol 

(2006b). Due to the obscurity of many remains by organic material on the slides, certain 

species were difficult to characterize. For this reason, Chydorus biovatus, Chydorus 
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brevilabris, and Chydorus gibbus were grouped together for analysis, as well as Bosmina 

longirostris with Eubosmina longispina and Alona circumfimbriata was grouped with 

Alona guttata. Taxa that were found in less than two intervals and at less than 2% 

abundance were not used in the analysis of I20 and C23. The number of individuals for 

each taxon was determined using the most abundant remain type. To sufficiently record the 

presence of most taxa, 70 individuals were counted for each interval where possible (Kurek 

et al., 2010). However, due to the sparseness of cladoceran remains in several samples, only 

50 individuals were counted for several intervals in I20. Because of the low abundance and 

very low diversity of cladoceran remains in I20, 50 individuals is likely sufficient to 

accurately characterize the cladoceran assemblage (Kurek et al., 2010). Depending on the 

lake and interval level, this required as little as 2 slides, with two cover slips on each, to as 

many as 10 slides to achieve the minimum. 

Data Analysis

Relative abundances were calculated using the counts based on individuals. Relative 

frequency diagrams were prepared using Tilia version 1.7.16 (Grimm, 2011). Constrained 

incremental sum of squares (CONISS) cluster analyses were conducted to determine 

stratigraphic zones of change in the sedimentary cladoceran species assemblage (Grimm,

1987). The broken-stick model was used to determine the number of significant zones in

the cluster analyses (Bennett, 1996).
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RESULTS:

Water Chemistry

Elevated concentrations of major ions were observed in impacted Lake I20 compared to 

control Lake C23 (Table 1). Total alkalinity (as mg CaCO3/L), specific conductivity, total 

dissolved solids (TDS), total suspended solids (TSS), dissolved organic carbon (DOC),

dissolved inorganic carbon (DIC), and turbidity levels of I20 were noticeably higher than 

C23.The major cations in natural waters, Ca, Mg, and Na, were also slightly elevated. I20 

had a very high level of unfiltered total phosphorus, making it more eutrophic compared to

C23. Sulphate and manganese concentrations showed the greatest differences between the 

two lakes, where both were elevated in I20. Nitrogen, fluoride, potassium, and pH levels 

were approximately the same in both lakes. Meanwhile, Cl levels were lower in I20.

Cladoceran Analysis

Eighteen taxa were identified in the sediments of Lake I20. A distinct shift in the 

cladoceran assemblage was observed at a core depth of 3 cm, which corresponds to 

approximately 1973 based on 210Pb dating (Figure 3). Following the 1972 closure of sump 

Parsons F-09, there was an increase of Alona circumfimbriata/guttata from 23% to 58%. 

Chydorus spp. showed a decline in relative abundance from 23% to 5%, Bosmina spp. from 

14% to 2%, and Acroperus harpae from 14% to 5%. Eurycercus spp. became absent in the 

sediment core following ~1973. A. harpae continued to decrease from 5% down to 2%. 

Chydorus spp. increased slightly in relative abundance in the uppermost two surface 

samples. Both pelagic and benthic species were well represented in the assemblage. Results 

from the broken-stick model showed no significant zones of change in the cluster analysis. 
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However, this is a result of low richness and the relatively small number of intervals 

analyzed.

Nine Cladocera taxa were identified in Lake C23. Bosmina spp. showed a gradual 

increase from 48% to 95% beginning in the earliest sedimentary interval analyzed (~1836 -

9 cm) (Figure 4). Alona circumfimbriata/guttata relative abundance remained fairly 

constant, fluctuating from 7% to 13%, but was absent in the topmost (0-1 cm) sediments.

Chydorus spp. showed a steady decrease from 43% to 3% over the last ~150 years. 

Acroperus harpae was present in the sediment core at less than 5% abundance and became

absent after ~1989 (3 cm). Lake C23 was largely dominated by Bosmina spp. There were 

no significant zones of change in sedimentary cladoceran species assemblage of Lake C23.
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DISCUSSION:

The Cladocera species assemblage in I20 showed changes coincident with the timing of 

the 1971 construction and the 1972 abandonment of sump Parsons F-09 in its catchment. 

The observed change in the cladoceran profile may suggest sump disturbance and may 

indicate that there has been a perturbation to Lake I20. The distinct change in the 

zooplankton assemblage at approximately the time of construction may indicate that the

construction of the sump has never been successful at containing the drilling fluids, or that 

it failed shortly after abandonment. No records indicate the condition of the sump or 

whether restoration was required following construction. Recent observations of cap 

subsidence and ponding indicate that there has been sump failure in both Parsons F-09 and 

Kamik L-60.  Various water chemistry variables are currently elevated in Lake I20 

compared to Lake C23. The stratigraphic record as well show that the Lake I20 cladoceran 

assemblage changed approximately the same period as activity at the Parsons F-09 site. 

The current water-chemistry data illustrates the conditions of the two lakes from August 

2009. Sump fluids have been described to have high concentrations of organic carbon, 

phosphorus, and suspended solids (Bryant et al., 1974). The high specific conductivity of 

sump fluids is largely due to the use of potash, caustic soda, bicarbonate of soda, and acid 

pyrophosphate (Hrudey, 1979). Potash is the main source of K and Cl, while caustic soda is 

the main source of Na and increased pH (Hardy and Stanley, 1988; Smith and James,

1979). Lignosulphonates and barites are sources of organic carbon (Hardy and Stanley, 

1988; Hrudey, 1979; Smith and James, 1979). The increased values of conductivity, DIC, 

DOC, TDS, TSS, sodium, and phosphorus can be explained by the ingredients of sump 

fluids. Because K and Cl levels were not elevated, the differences in the chemical variables 
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of Lake I20 and Lake C23 can also be attributed to their natural lake differences and not 

entirely to the drilling waste inputs from the Parsons F-09 sump. It is difficult to determine 

whether there has been a change in water chemistry in Lake I20 because change is 

measured over time. Long-term water chemistry data of the lakes are not available to 

provide pre- and post-impact conditions. Although elevated levels of K and Cl are not seen 

in Lake I20, it is seen in various other sump-disturbed lakes sampled across the Parsons 

Lake region (unpublished data). These additional lakes, which are found in the catchment 

of sumps, show elevated levels of specific conductivity as well (unpublished data). 

A better indication of lake disturbance is by examining the lake’s biota using subfossil 

cladoceran remains. The post-impact cladoceran assemblage of disturbed Lake I20 is 

noticeably different from the pre-impact. Alona circumfimbriata/guttata increased by a 

large percentage compared to other species following sump construction. The relative 

abundances of Bosmina spp., Alona affinis/quadrangularis, and Chydorus spp., however,

may have decreased because of increased salinity and conductivity from the drilling fluids. 

Chydorus brevilabris, Bosmina spp., A. affinis, A. quadrangularis, and Eurycercus spp. are 

generally restricted to fresher waters, while A. circumfimbriata, and Daphnia pulex are 

more tolerant of more saline waters (Bos et al., 1999). Previous study by Chengaleth (1982) 

also confirms that A. circumfimbriata is eurybiotic and can thrive in waters of moderate to 

high salinity. The relatively minimal change of D. pulex before and after sump construction 

is consistent with previous studies that show it has a wide salinity range and tolerance to 

conductivity (Bos et al., 1996, 1999). The noticeable increase after 1973 in the taxon 

Chydorus may be due to chemical recovery. 
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Potentially, there could have been problems associated with non-containment, melt-out, 

or restoration (French, 1978) that were unknown or undocumented during construction of 

the Parsons F-09 sump. Improper sump size, poor choice of geographical location, 

improper excavation, and terrain disturbance are factors that have been shown to lead to

unsuccessful sumps (French 1978, 1980). If the sump is too small, spillage of wastes can 

occur during capping. Also, if drilling fluids did not freeze fully, infilling can cause

unfrozen sump fluids to squeeze to the surface following capping (French, 1978). Ice-rich 

permafrost, incorporation of snow or ice in the infill, or seepage of water in the sump due to 

poor geographic location can cause infill subsidence and deterioration of sump side walls in 

summer melting (Smith and James, 1979). Thawing along ice wedges can occur if they are 

exposed in the permafrost from improper sump excavation, allowing the escape of waste

fluids (Smith and James, 1979). Terrain disturbance can also cause the recession and 

degradation of the permafrost layer below the surface, permanently preventing it from 

containing any drilling fluids (Nenniger, 1987). Leakage and spillage of wastes could be 

possible in the time immediately following construction or in the months following. It has 

been suggested that annual flooding of the Mackenzie Delta can result in the direct 

discharge of drilling fluids from sumps with flood waters (Bryant et al., 1974). Although 

this mechanism is impossible in the uplands or in areas away from coastlines, possible 

transportation of fluids can still occur through surface rain water, soil percolation, or 

movements in the active layer. Dyke (2001) showed that contaminants from sumps can 

migrate several hundred meters down slope within the active layer. Drilling fluids have the 

potential to contaminate groundwater and surface waters (Ferrante, 1981).
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The cladoceran assemblage of the control lake C23, on the other hand, is structured 

very differently from sump-impacted I20. There are no abrupt shifts in the sedimentary 

record of C23. The record instead shows a gradual increase in the relative abundance of 

pelagic Bosmina spp. and a corresponding decrease in the relative abundance of littoral

Chydorus spp. and Acroperus harpae. Deasley et al. (2012) too observed an increase in the 

relative abundance of pelagic Bosmina spp. and a decrease in the relative abundance of 

littoral Chydorus biovatus/brevilabris in their study lake located in the Mackenzie Delta on 

the Beaufort Sea coast. The changes were attributed to climate warming (Deasley et al., 

2012). An increase in temperature results in longer ice-free periods and more exposure to 

open-water habitats in Arctic lakes (Smol and Douglas, 2007). In colder periods, where the 

open-water season is shorter, the assemblage is largely dominated by littoral taxa. During 

warmer periods, the open water season is longer, allowing pelagic species such as Bosmina 

to thrive and dominate relative to littoral or benthic zooplankton. Although changes in ice 

and snow cover is one explanation to marked changes in the biological community, other 

limnological variables, such as light penetration, mixing, nutrients, and production, are also 

key factors (Smol and Douglas, 2007). Nonetheless, the timing of the assemblage change in 

the control lake does not correspond to any known exploratory hydrocarbon activity in the 

lake’s catchment, but instead corresponds well to the known timing of the onset of regional 

warming in the region, which suggests these changes are a result of climate change and not 

sump disturbance. 

The reason why the above trend indicating climate change is not clearly recorded in the 

Lake I20 assemblage is because of the short period examined. Deasley et al. (2012) showed 

that changes in the cladoceran assemblage as a result of warming began ~1850.  The Lake 
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C23 sediment core was analyzed to ~1836 while the Lake I20 sediment core was analyzed 

to ~1910. It is difficult to see the long-term changes of warming in Lake I20 without

extending the analysis further back in time. Additional analysis of cladoceran samples in 

the deeper sediments of Lake I20 however by Jennifer Korosi (unpublished data) did in fact 

record climate-related changes similar to Deasley et al. (2012).  

Furthermore, the cladoceran assemblage of I20 may have been complicated with the 

inputs from sump Parsons F-09. Cladocera are limited by their abilities to regulate osmotic 

pressure (Frey, 1993) as well as their tolerances to high ionic strength waters and other 

limnological variables (Korhola and Rautio, 2001). This plays a role in organizing the 

structure of the cladoceran assemblage in Lake I20, which is more nutrient-rich and has a 

higher solute concentration than Lake C23. Those species that can tolerate the changes in 

water chemistry are more likely to survive and thrive. This becomes the limiting factor on 

the cladoceran community post-1972. The altered water chemistry overshadows the affects 

of climate change in the more recent sediments. If the cladoceran analysis was extended to 

another 100 years, a climate-induced change may be noticeable (unpublished data). 

Overall, unsuccessful sumps have been documented across the North American Arctic 

in Alaska, Yukon, and the Northwest Territories for a number of years (French 1978, 1985; 

Smith and James, 1979; Kokelj and GeoNorth Ltd., 2002; Kokelj et al., 2010). The changes 

noticed in Lake I20 could be related to problems from initial sump construction. The 

Parsons F-09 sump probably was never successful at containing the drilling wastes. Lake 

I20 was likely affected by the drilling fluids at the time of sump excavation. 

It is important to understand the repercussions of industrial activities such as drilling 

waste disposal on the environment. The recently proposed Mackenzie Gas Pipeline (MGP), 
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which will deliver natural gas from fields in the Mackenzie Delta to northern Alberta for 

distribution, has stimulated renewed hydrocarbon exploration in Canada’s north (Imperial 

Oil Resources Ventures Limited, 2004). With this in mind, sumps continue to be the 

recommended waste disposal method under the Territorial Arctic Land Use Regulations for 

companies wanting to conduct hydrocarbon drilling in the Northwest Territories and Yukon 

(French, 1985; Jenkins et al., 2008). Water pollution is a very likely possibility if the 

handling and disposal of drilling fluids from oil and gas exploration in the Arctic is not 

conducted carefully (Bryant et al., 1974). Improper construction of sumps and 

abandonment practises can lead to large disturbances and problems on the landscape scale 

(French, 1980).

Investigations regarding the impacts of waste migration from unsuccessful sump 

construction and failed sumps are important. Understanding their change and impacts 

through time will provide reassurance to the communities living nearby, as well as provide 

guidelines to the exploratory companies wanting to excavate further in the Mackenzie Delta 

region. It is crucial to determine safe and successful protocols for hydrocarbon exploration

to prevent contamination to the aquatic and terrestrial environments. In addition, it is 

important to understand baseline conditions in aquatic ecosystems prior to the development 

of large-scale projects, such as the MGP or other hydrocarbon exploration projects.
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SUMMARY:

1. Sumps, which are man-made pits in the permafrost, act as the main form of containment 

and disposal method of wastes associated with exploratory hydrocarbon drilling. The 

intention is that the sump contents freeze in situ and that the permafrost will 

permanently encapsulate them. The drilling fluid is a mixture of potash (KCl), caustic 

soda (Na), bentonite, barite (BaSO4), lignosulphonates, and other chemicals. Leakage of 

drilling wastes from these sumps to the aquatic environment can be damaging because 

of their high toxic constituents. 

2. The purpose of the study is to investigate the long-term trends of a failed exploratory 

hydrocarbon drilling-mud sump on cladoceran assemblages. Failed sumps are predicted

to release drilling wastes that will increase lake water conductivity, salinity, and ionic 

composition of K, Cl, and Na. A noticeable shift in the claodceran assemblage is 

predicted to reflect this.  

3. Subfossil cladoceran remains were analyzed from the sediments of impacted Lake I20 

and control Lake C23 in the Mackenzie Delta uplands (NT, Canada). Water was 

sampled to provide current water-chemistry data to compare between the two lakes.  

4. The results showed that conductivity, DOC, DIC, TDS, TSS, turbidity, and the levels of 

calcium, phosphorus, sodium, and sulphate in Lake I20 were still elevated compared to 

Lake C23. The cladocera assemblage in Lake I20 showed a distinct shift coincident 

with the timing of the construction and abandonment of sump Parsons F-09, suggesting 

that the sump was never successful at containing the drilling wastes. It is possible that 

the drilling wastes were already in exposure to the aquatic environment of Lake I20 at 

the time of sump excavation based on the stratigraphic profile. The sedimentary record 
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of Lake C23 showed no abrupt changes. Instead, the assemblage showed changes 

suggestive of climate change rather than sump disturbance. 

5. This paleolimnological study provides a better understanding of the impacts of sump 

activity in the Arctic aquatic ecosystems where there is no current direct monitoring. 

This research provides the first long-term records of sump disturbance to Arctic lakes. 
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Figure 1. Generalized cross-section of a drilling-mud sump (From Jenkins et al., 2008)



Figure 2. Map of study area, Mackenzie Delta uplands, Northwest Territories, Canada, 

with emphasis on lakes C23 and I20. The insets show sumps Parsons F

with the study lakes in their vicinities. The arrows describe the direction of flow from the 

corresponding sumps.

study area, Mackenzie Delta uplands, Northwest Territories, Canada, 

and I20. The insets show sumps Parsons F-09 and Kamik L

with the study lakes in their vicinities. The arrows describe the direction of flow from the 
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study area, Mackenzie Delta uplands, Northwest Territories, Canada, 

09 and Kamik L-60 

with the study lakes in their vicinities. The arrows describe the direction of flow from the 



33

Figure 3. Relative percentage diagram of subfossil cladoceran taxa from sump-impacted 

Lake I20. Constrained incremental sum of squares (CONISS) cluster analysis is included to 

show major changes in sedimentary cladoceran species assemblage.
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Figure 4. Relative percentage diagram of subfossil cladoceran taxa from control Lake 

C23. Constrained incremental sum of squares (CONISS) cluster analysis is included to 

show major changes in sedimentary cladoceran species assemblage.
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Table 1. Select chemical variables for lakes C23 and I20, collected in August 2009. 

Lake ID C23 I20
Total Alkalinity (as CaCO3) (mg/L) 72.9 145
Colour, Apparent (CU) 11.0 69.0
Colour, True (CU) 8.00 35.0
Conductivity, specific (@25℃) (µS/cm) 173 381
Dissolved Organic Carbon (DOC) (mg/L) 5.70 20.4
Dissolved Inorganic Carbon (DIC) (mg/L) 17.0 35.2
pH 8.01 8.23
Solids, Total Dissolved (mg/L) 130 253
Solids, Total Suspended (mg/L) 3.00 8.00
Turbidity (NTU) 0.340 2.24
Calcium (mg/L) 22.6 52.1
Chloride (mg/L) 7.50 7.10
Fluoride (mg/L) 0.100 0.100
Hardness (mg/L) 86.0 210
Magnesium (mg/L) 7.20 19.4
Nitrate as Nitrogen (mg/L) 0.0100 0.0100
Nitrite as Nitrogen (mg/L) 0.0100 0.0100
Total Phosphorus, Unfiltered (µg /L) 6.00 39.4
Potassium (mg/L) 1.30 1.60
Silica (mg/L) 3.14 11.3
Sodium (mg/L) 4.30 6.60
Sulphate (mg/L) 1.00 40.0
Aluminum (µg /L) 30.0 30.0
Antimony (µg/L) 0.100 0.100
Arsenic (µg /L) 0.300 0.700
Barium (µg /L) 127 95.4
Beryllium (µg/L) 0.100 0.100
Cadmium (µg/L) 0.100 0.100
Cesium (µg/L) 0.100 0.100
Chromium (mg/L) 0.300 0.300
Cobalt (µg/L) 0.100 0.100
Copper (µg /L) 0.300 0.300
Iron (µg /L) 50.0 50.0
Lead (µg/L) 0.100 0.100
Lithium (µg/L) 2.10 4.40
Manganese (µg/L) 2.40 48.5
Molybdenum (µg/L) 0.400 0.200
Nickel (µg/L) 0.400 0.400
Rubidium (µg/L) 0.700 0.900
Selenium (µg/L) 1.00 1.00
Silver (µg/L) 0.100 0.100
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Strontium (µg/L) 58.4 101
Titanium (µg/L) 0.300 0.800
Zinc (µg/L) 10.0 10.0
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APPENDIX A:

Figure A.1. Radiometric activities of 210Pb, 214Bi and 137Cs and modeled sediment age 

versus depth, based on the constant rate of supply (CRS) model, for Lake I20 and Lake 

C23.
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APPENDIX B:

Table B.1. Raw data counts for number of Cladoceran individuals recorded from Lake I20 sediments.

Core 
Depth 
(cm)

Bosmina 
spp.

D. 
longispina

D. pulex
Alona 
affinis

Alona 
quadrangularis

Alona 
circumfimbriata/guttata

Alona 
intermedia

1 1.5 8 35 2
2 1 7.5 1 2 34 2
3 4 12.5 38 3
4 1 12 6 33 3
5 7.5 8.5 2 13 3
6 6 2 9 3 1 16 2
7 2 12.5 19 2
8 3 22.5 1 10 2
9 3.5 1 14.5 2 16 7

Core 
Depth 
(cm)

Alona 
rustica/ 
costata

Chydorus
spp.

Alonella 
nana

Acroperus 
harpae

Camptocercus
spp.

Eurycercus 
spp.

Leydigia
spp.

Ophryoxus 
gracilis

Pleuroxus 
spp.

1 10 1 1 1
2 8 1 2
3 4 2
4 3 3 1
5 12.5 8 1
6 1 11.5 5 0.5 0.5
7 13 2
8 9.5 0.5 1 0.5
9 7.5 2 0.5 1
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Table B.2. Raw data counts for individuals of Cladocera recorded from Lake C23 sediments.

Core Depth 
(cm)

Bosmina 
spp.

Alona 
affinis

Alona 
quadrangularis

Alona 
circumfimbriata/ 

guttata

Alona 
intermedia

Chydorus spp. Acroperus 
harpae

0 82 1 3
1 44 4 3
2 50 1 2 5.5
3 37 5 9.5 1
4 48 1 4 9 1.5
5 44.5 8 8 2
6 41 8 11 1
7 42 7 7.5 1
8 33.5 1 4 9.5 0.5
9 33 5 1 31 1
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APPENDIX C:

Table C.1. Names and authors of Cladoceran taxa identified in Lake I20 and C23 

sediments.

Name Author
Bosmina spp. Baird 1846
Daphnia longispina O.F. Müller 1785
Daphnia pulex Linnaeus 1758
Alona affinis Leydig 1860
Alona circumfimbriata Megard 1967
Alona guttata Sars 1862
Alona intermedia Sars 1862
Alona quadrangularis O.F. Müller 1776
Alona rustica Scott 1895
Alona costata Sars 1862
Chydorus brevilabris Frey 1980
Chydorus biovatus Frey 1985
Chydorus gibbus Sars 1890
Alonella nana Baird 1850
Acroperus harpae Baird 1834
Camptocercus spp. Baird 1843
Eurycercus spp. Baird 1843
Leydigia spp. Kurz 1875
Ophryoxus gracilis Sars 1861
Pleuroxus spp. Baird 1843


