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Introduction: 
This document is a summary of the conceptual design of a spawning enhancement project 
located at the north-east shore of Tahltan Lake. The work was funded through the Northern 
Fund of the Pacific Salmon Commission and was implemented by Tahltan Fisheries. This 
proposed enhancement project is the result of several years of site reconnaissance, detailed 
site selection, leading to the selection of Tahltan Lake as the best potential site of all of the 
Stikine watershed candidates. For the last two years more detailed site investigations, 
monitoring and modeling has been completed to advance the project to the conceptual design 
stage.  

This enhancement project is driven by the objectives of the 2009 Transboundary Pacific Salmon 
Treaty. It states that: “...the parties will pursue a diverse program to enhance sockeye 
production in the Stikine River…” and that “The existing enhancement program may be 
expanded to include new activities such as barrier removal, habitat improvement and/or other 
agreed enhancement projects. (PST Appendix to Annex IV, Chapter 1, Section 5)” Following this 
direction Tahltan Fisheries began to develop a series of proposals to assess for sockeye 
enhancement opportunities in the Stikine which were then submitted to the Northern Fund of 
the Pacific Salmon Commission. This work has led to a program of overview scoping throughout 
the Stikine basin to find candidate sites for sockeye enhancement. From that scoping exercise 
came a ranking procedure for candidate selection whereby the Tahltan Lake spawning area 
enhancement option arose as the number one candidate. 

2015 Project Activities: 
Project activities for included the following; 

• A seepage study was conducted in May to estimate the flow volume seeping from Trib 2 
into the Tahltan Lake aquifer as part of the hydrogeology model refinement. The study 
is included as Appendix 2; 

• In August the site was visited and a data download was completed of the surface water 
and groundwater monitoring wells; 

• A geophysical survey (Appendix 3) was completed by Kryotek Inc. to refine the aquifer 
parameters for the groundwater model; 

• In the winter the data downloaded and geophysical data collected was summarized and 
forwarded to Palmer and Aquanty to support the second round of modeling. The 
modeling was completed and a summary report generated (Appendix 4); 

• This work has then been reviewed by Tahltan Fisheries and this summary document 
produced. 
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Spawning Enhancement Options Overview: 
Map 1 presents an overview of the project area that includes Tahltan Lake and the surrounding 
area. 

 

The proposed spawning enhancement area is indicated by the blue arrow on the eastern shore 
of Tahltan Lake. This area was originally identified as having good enhancement potential 
because sockeye were spawning near the shoreline in that general area. More detailed work 
involving soil borings, groundwater well installation and monitoring and overview 
geomorphology assessment concluded that there is oxygenated groundwater moving through 
the soil profile that is currently discharging to Tahltan Lake. The sockeye in the lake have 
detected the upwelling groundwater and are attempting to spawn in it. Based on preliminary 
assessment of the existing spawning (the “sinkholes”) there appears to be an approximately 1 
meter thick layer of lake sediment (silty sand) overlying the aquifer gravels that host the 
groundwater. This overlying fine grained layer may limit the success of the current east end 
spawners by reducing flow rates through egg pockets and reducing the survival of incubating 
embryos. The egg to fry survival of these redds is unknown. 

The presence of oxygenated groundwater flowing toward the lake is a necessary requirement 
for successful spawning area enhancement since there must be sufficient flow year round to 
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keep sockeye redds oxygenated, prevent ice penetration to the redds and to remove waste 
products from the incubating eggs. With groundwater presence proven the next step was to 
model the enhancement area and the associated aquifer to determine what the likely flow 
rates would be should the spawning enhancement area be constructed. A secondary question 
was to determine what levels of dissolved oxygen could be expected in the enhancement area. 
In order to answer these questions it was decided that a groundwater model was required. The 
following section describes the modelling that has been conducted to date. 

Groundwater Modelling: 
Groundwater modelling was conducted by Palmer Environmental Inc. and Aquanty Inc. two 
companies specializing in modeling and design of spawning enhancement sites. The first step in 
modelling the groundwater system was to create a conceptual model that simply describes the 
extent and characteristics of the aquifers that are hosting the groundwater resource and 
considers the most likely inflows and outflows to and from the aquifer. This was achieved 
through a detailed desktop exercise of reviewing existing data in the area, geological maps and 
field reconnaissance. An initial model was run to predict the flow rates and dissolved oxygen 
levels for a draft enhancement pond. Further model refinement was conducted in 2015 through 
the use of a geophysical survey (to identify aquifer unit thicknesses and water table elevations) 
that provided more confidence in the model results.  

The picture that arises is that the east end of Tahltan Lake includes an extensive area of paleo-
channel river bed dating back to the last glaciation when much of the area was covered by ice. 
Ice damming of the Stikine River caused a massive lake that spilled though a number of low 
points, one of which was the corridor through Tahltan Lake and out the west end to the Chutine 
River and then presumably back to the main stem Stikine. This great glacial river left a deep 
gravel bed that now hosts groundwater that discharges to Tahltan Lake. The source of the 
water recharging the aquifer is the Trib 2 watershed that is a tributary of Tashoots Creek and 
Tahltan River but has no surface water connection to Tahltan Lake. 

Conclusions of the modeling work include the following; 

• Under existing conditions, groundwater is predicted to be discharging from the Sand 
and Gravel Aquifer in the northeastern portion of Tahltan Lake at a rate of 4.58 
L/min/meter of lake length and have a DO concentration of 3.9 mg/L (based on 2014 
field data); 

• Numerical model results show that groundwater discharge into a proposed Spawning 
Enhancement Area Trench would be about 4.13 L/min/meter of trench, which is about 
90% of the existing predicted discharge; 
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• DO concentrations in the SEA Trench under a uniform decay scenario are expected to 
be about 4 to 4.5 mg/L. Under a zoned decay scenario, DO concentrations are expected 
to be about 7 to 8mg/L. The appropriateness of these two scenarios will need to be 
further tested through the collection of field data; 

Conceptual Design: 
The conceptual design is a first estimation of the potential arrangement of the spawning 
enhancement area. The design drawings are included as Appendix 1. The overview ortho-photo 
shows the location of the enhancement spawning area in blue. This is the only area being 
actually proposed but the two other areas may have potential in the future. The design concept 
involves the following main points; 

• The project must not harm the existing beach spawning areas, early fry rearing or the 
ecology of the lake; 

• The scope of the project has to be sufficiently productive to warrant the effort and 
expenditure; 

• The project must be feasible in terms of construction at a remote access site; 

Appendix 1 includes conceptual drawings of the proposed enhancement area that show the 
general arrangement of the beach enhancement area in plan and profile. Consideration was 
given in the depth and side slopes for sufficient depth to exceed the wading depth of the local 
bear population, although consideration may be given to bear fencing the enhancement area to 
reduce predation and enhance worker safety. The pond is proposed to be excavated into the 
shoreline area with verified groundwater flow rates and has an inlet and outlet to Tahltan Lake. 
The inlet and outlet provide for circulation of lake water through the pond by density gradient, 
wind current and the weak lake current toward the outlet at Johnny Tashoots Creek. The ability 
to enclose the pond has the added advantage of enabling predator exclusion (predominantly 
Bull Trout and Rainbow Trout). This will enhance the rate of recruitment from alevin to fry by 
allowing the newly emerged alevins to swim up, absorb egg sacs and begin feeding before 
being exposed to predators. Enclosure also allows the control of spawners and the prevention 
of over-spawning and reduced spawning success. Enclosure would also be desire-able for 
enumeration and egg take activities. 

The proposed design of the one pond is for an area of approximately 4000 square meters of 
spawn-able habitat which is roughly a third of the area of the existing main spawning area. Side 
slopes are proposed at a slope of 3:1 to maximize slope stability and spawning area. The inlet is 
proposed to be at a slightly higher elevation than the outlet to enhance flow through the pond. 
The design also leaves a strip of lake shoreline intact that enables the site to be enclosed but 
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also leaves in place a strip of organic peat and sandy/silt material that would otherwise be 
difficult to manage and may have adverse chemical properties if disturbed (the production of 
silt and the consumption of dissolved oxygen being the main concerns). By leaving the shoreline 
strip in place shoreline erosion from ice scour and wave action can be minimized. 

Risk Assessment: 
Risk assessment is a critical component of any habitat enhancement since any in-stream (or in-
lake) project has the potential to adversely affect pre-existing aquatic habitats and species. The 
objective is to increase the inventory of habitats and the overall productivity rather than create 
new habitat at the expense of existing habitats. Risk categories considered for this project 
include the following; 

1. Collateral impact to existing habitats; In this case the risk is related to capturing 
groundwater flow in the enhancement area at the expense of the existing near shore 
spawning locations. The groundwater modeling does indicate that the enhancement 
pond captures groundwater and reduces groundwater discharge to the existing east 
shore habitats adjacent to the pond. This effect does not impact the existing main 
spawning area and diminishes at distance from the pond. The potential impact is 
lessened by the fact that those existing east shore habitats represent a low density of 
spawn-able area and are judged to be of relatively low productivity. Nonetheless some 
further work is warranted to estimate the habitat value of the east shore spawning area 
given the high degree of fine grained silts and sands that cover the area. 

2. Construction Risk; Construction risks are those potential impacts that could occur 
during the construction phase of the project. Since the pond can be isolated the 
majority of the pond excavation can be conducted in isolation without contributing 
suspended sediment to the lake. Construction timing would involve cutting the inlet and 
outlet last once the pond area has settled out and sediment laden water has been 
pumped overland for settling. This would mean only a small sediment discharge would 
occur during construction. Detailed construction sequencing would be required to lay 
out haul routes for spoil material and access to the site to minimize the site disturbance 
and the need for post construction rehabilitation. A volume of material will be 
generated from the pond excavation that will need a disposal plan as part of a larger 
reclamation plan. Much of the excavated clean gravel and topsoil could be used at the 
weir to level the helipad in weir maintenance or can be left near the pond for periodic 
maintenance. 

3. Operational Risk; Operational risks are those risks that occur over the life of the project. 
The largest risk in this category is the suitability of the groundwater flow regime for egg 
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pocket dissolved oxygen levels. The flow rates and oxygen levels have to be appropriate 
to ensure high rates off egg to fry survival. Temperature levels are a driver for 
incubation rate and emergence timing so the thermal regime must also be appropriate. 
This risk is being managed by the site investigations and groundwater modeling 
undertaken to date. The modeling results are favorable indicating that the operational 
risks from site hydro-geology are well managed. Further work is included in the 
recommendations section to refine the modeling and predictions of dissolved oxygen 
levels and groundwater flow. Operational monitoring will be required during the first 
few years to ensure the pond is operating as designed. Operationally for the lake as a 
whole there is some risk of declining groundwater flow rates to the existing main 
spawning area and potentially declining returns from that side of the lake. The spawning 
enhancement area can be seen as a potential positive risk mitigation in the event of 
declining spawning success at the main spawning area. Temperature sensitivity is 
another area of potential benefit from the proposed works. Modeling indicates that 
construction of the enhancement pond may result in higher groundwater flow rates to 
the lake which can augment the lake water balance and mitigate the effects of climate 
change and lake warming. 

Recommendations: 
Recommendations for future work include the following; 

• Further site investigation would be ideal to refine the modeling including and develop 
project plans ; 

o Installation of a monitoring well or wells midway between Tahltan Lake and 
Tributary 2; 

o Continued gauging of flows at Tributary 2 and Johnny Tashoots Creek to refine 
the water balance for the lake; 

o Development of a Construction and Operations Plan to lay out the construction 
sequencing, impact mitigation and reclamation activities; 

o Conduct more detailed topographic surveys of the enhancement area to develop 
construction drawings and material estimates. 

Closure: 
The work done to date for the Tahltan lake Enhancement Project indicates that the 
construction of a spawning enhancement area is quite technically feasible. The project still 
needs some feasibility level work to refine the details of construction and operations but the 
concept can be considered “proven”. The project will need to be considered at the community 
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level to get a social license to proceed. The current proposed pond arrangement represents an 
enhancement area of an additional 4000 square meters, roughly 1/3 of the surface area of the 
main spawning area. Additional spawning enhancement development may also be possible. 

 

Map 2 shows the overall watershed contributing area of Tahltan Lake. One of the benefits of 
this enhancement feasibility work is the realization that the Tributary 2 watershed, despite the 
fact that it has no surface connection to the lake, is a major flow contributor to the lake water 
balance. A rough estimate based on professional judgement and a comparison of the 
contributing areas of the main lake and Tributary 2 indicate that Tributary 2 may be 
contributing half of the total annual inflow to Tahltan Lake. Flows from Tributary 2 are also 
groundwater suggesting that the Tributary 2 flows may be regulating the thermal regime of the 
lake and may be providing an even larger percentage of the annual low flow volume. This puts a 
priority on the management of competing industrial land uses in the Tributary 2 watershed 
(delineated by the yellow line on Map2). 
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Appendix 1: Tahltan Lake Conceptual Design Plan Views: 
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Appendix 2: Tahltan Lake May 2015 Data Report  
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Appendix 3: Geomorphology Results for Hydrologic Inc. Tahltan Lake, BC 
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Appendix 4: Conceptual Hydrogeological and Numerical Modelling Update in Support of the Tahltan Lake 
Spawning Enhancement Project, BC - 2016 Update 
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1.0) Introduction:  
This memo is a summary of the field activities conducted between May 15th and 21st 2015 as part of the 
Tahltan Lake Enhancement Project. Field work involved the following components; 

• Stream gauging at Trib 2 for rating curve development and seepage estimation; 
• Data logger downloading at groundwater stations and the Trib 2 hydrometric station; 
• Installation of an additional groundwater well near the lake and enhancement area of interest, 

and; 
• Subsurface exploration and soil pit excavation. 

The following sections provide details of the field program, initial exploratory data analysis and 
provides recommendations for future work. 
 

2.0) Stream Gauging: 
Trib 2 was gauged 5 times over the course of two days. Table 1 is a summary of the gauging results. The 
gaugings were conducted to develop the rating curve for the hydrometric station and to conduct a 
seepage survey for Trib 2 between the hydrometric station and a second gauging section X meters 
downstream of the station. The seepage survey was conducted by gauging the upper and lower sections 
and comparing the discharges. A mini-piezometer was installed at the hydrometric station to estimate 
hydraulic gradients between the surface flow and the underlying aquifer (Simonds and Sinclair, 2002). 
The hydrometric station gauging section is higher gradient and less laminar than the lower station with a 
coarser freshet bed texture. This makes the velocity field at the upper station more complex and difficult 
to gauge accurately because of higher bed particle protrusion, the resulting turbulence and the presence 
of surface standing waves. 
 

 
Photo 1: Upper Tributary 2 gauging section looking downstream. 

 



 

 

 The lower station has a finer, more uniform bed texture and nearly rectangular cross section making it a 
much more ideal gauging section. On the first day of the survey the upper station a duplicate gauging 
was conducted at the upper station to estimate gauging precision. Flow measurements were made with a 
Swoffer 2100 horizontal axis current meter. Initial gaugings (day 1) were conducted using the 1 point 
(0.6), mid-section method but the second set of gaugings were taken with the 2 point (0.2 and 0.8) 
method to increase the precision and the comparability of the measurements (Rantz, 1982). Day 1 
gaugings were conducted during a rapidly rising stage (approx. 1 cm/hr.). The upper station had a small 
side channel that was gauged and the discharge added to the main channel discharge. Staff gauges were 
installed at both stations and were read at the beginning and end of each gauging. Day 2 gaugings were 
conducted during a period of stable stage and were thus used for the seepage run estimate. 
 
Table 1: Trib 2 Gauging Summary, May 17th and 18th 2015. 
Station Date Time start Time Finish Stage Discharge 

(m3/s)  
Notes 

Upper May 17 11:40 13:00 Rising, 1cm/hr. 2.81  
Upper May 17 13:00 13:35 Rising, 1cm/hr. 2.69 4.2 % difference 
Lower May 17 16:59 17:22 Rising, 1 cm/hr. 2.95  
Lower May 18 14:36 15:30 Unchanged 2.47 2 point method 
Upper May 18 16:44 17:30 Unchanged 2.96 2 point method 
Upper UTM 9 V 348219 6429020 Lower UTM 9 V 348025 6429327 
 
 

 
Photo 2: The Low er gauging section on Tributary 2 looking upstream. 



 

 

The duplicate gauging of the upper station indicated a 4.2% difference in the discharge estimates on a 
rising stage so a rough estimate of gauging precision is 5%. Seepage run estimates were conducted with 
the 2 point method to improve gauging precision. The May 18, 2 point gauging was conducted at a 
stable stage and a seepage loss estimate between the 2 stations was 0.49 m3/s. The straight line distance 
between the stations is 366 meters. Assuming a sinuosity of 1.1 the travel distance is 402 m. This 
translates to a seepage rate of .001 m3/s/m for the time of gauging (high flow). Given the broadcast 
nature of the braided section the estimated seepage rate (1 liter per second per lineal meter) seems 
reasonable. It is possible that some of this seepage re-emerges downstream of the lower station and is 
thus not recharging the aquifer.  
 
A channel reconnaissance was conducted each day to assess for tributary inflows between the two 
stations of which none were found. There is an unstable section in the study reach starting about 200 
meters downstream of the upper station where the channel adopts a braided, avulsive habit forming new 
channel distributaries across a 75 meter wide area. The avulsions all rejoin the main stem channel above 
the lower station or dead end to ground. 
 

 
Photo 3: Trib 2 in the avulsion area. This 75 meter w ide sub reach is braided w ith overbank flow s 
which enhances the rate of seepage loss. All of the distributaries rejoin the main stem or go to 
ground before the lower station. 
 



 

 

3.0) Groundwater: 
One of the priorities of the field work was to download the pressure transducer data from two 
groundwater wells (TH14-01 and TH 14-04). Unfortunately one of the wells (TH14-04) was destroyed 
by a bear a couple of days after it was installed so the data was lost. A replacement station (TH15-01) 
was installed nearby TH14-04 and measures were taken to make the well less obvious. The borehole 
was hand augered and completed with a 50 mm PVC casing to a total depth of 65 cm and a 
manufactured screen section measuring 20 cm. Filter sand (10/20 type) was placed around the slotted 
section and up to 10 cm. bgs. The borehole was sealed with approximately 0.3 m of bentonite chips. 
The observation well was cut off at surface, capped and covered with moss. The well was surged until 
clear to remove fines. The well was allowed to equilibrate over- night and the static water level 
measured. A borehole log was recorded during the excavation and is included in Appendix X. The soil 
profile included an organic cap and four layers of granular fluvial material generally coarsening 
downward. Water was encountered in the lowermost fluvial layer and subsequently rose in the 
borehole indicating the upper layers are acting as confining or partially confining. A sample of aquifer 
material (lowest layer) was taken for particle size analysis.  A pressure transducer was installed in the 
well. The well completion details are as follows: 
 
Table 2: Well TH15-01 Completion details. (UTM: 347348m N, 6428559m E) 
Total length BGS 0.65 m W/L May 20, 2015 28.8 cm below TOC 
Stick up 0.0 m Screen Length 0.20 m 
TOC Elevation (TH15-01) 813.277 m TOC Elevation (TH14-04) 814.05 
WL(TH15-01,May 
20,2015) 

812.989 m Lake Elevation (May 21, 2015) 812.889 m 

 
A round of levels was surveyed to establish the elevation of TH15-01. Elevations are relative to the 
datum established by Cassiar Geoscience (2014) and are included in Table 1 above. 
 
A Solinst 615 drive point piezometer was installed at the Trib 2 hydrometric station as part of the 
seepage survey. The piezometer was hand driven into the stream bed to refusal and allowed to 
equilibrate overnight. The water level was read the following day. The differential water level will be 
read periodically in association with further gauging. The measured head differential was 8.2 cms 
indicating that the site is down-welling. The well details are in Table 2 below; 
 
Table 3: Drive point piezometer details. (UTM: 9 V 348219, 6429020) 
Total length:  2.158 m Screen interval: 0.29m bgs to 0.52m bgs 
Stick up: 1.588 m Diameter: 2.5 cm. 
Inside WL: 1.078 m BTOC Outside WL: 0.996 BTOC 
Head Differential 
May 20 2015: 

8.2 cm   

 
 
 
 
 
 
 



 

 

 
 

4.0) Surficial Materials: 
One soil pit (Pit 15-01) and one auger hole (TH15-01) were excavated at two locations as part of 
ongoing surficial materials characterization and well installation. The first pit was an auger hole 
excavated for the installation of observation well TH15-01. The soil pit was excavated approximately 
200 meters east of the main camp between the lake and Tributary 2. Stratigraphic information is 
included in Appendix X. Pit 15-01 was excavated at a location representative of the paleo-channel bed. 
The profile indicates alternating layers of glacio-fluvial materials composed of sands, gravels and 
coarse gravels. The surficial morphology of the paleo-channel includes a braided network of stream 
channels dissecting the upper surface presumably formed by post glacial Holocene erosion by Tributary 
2. Below that is deeper layers of sands and gravels formed by Pleistocene glacial deposition. 
 
 

 
Photo 4: Pit 15-01 approximately 200 meters east of the camp. 
 
 
 
 
 
 



 

 

 

5.0) Data Download: 
Data was downloaded from the two undamaged pressure transducers (TH14-01 and the Trib 2 stilling 
well). The data was checked for errors and barometrically compensated. Two data sets were captured 
for the period July to May 2014. Plot X below is the Trib 2 Winter Low Flow hydrograph. Winter data is 
commonly confounded by the effects of icing in the vicinity of the station and ice penetration into the 
stilling well. To compensate for these effects the data series was edited to remove data where the 
pressure transducer serial temperature data was below zero indicating freezing conditions in the stilling 
well. The data gaps produced by this editing were linearly interpolated to remove errors introduced by 
icing in the stilling well and produce a continuous serial dataset. A 6th order polynomial trend line was 
then applied to the hydrograph to smooth the data. The final plot shows a gradual trend of declining 
flows through the fall and winter and a pronounced upward trend in early April corresponding with the 
ascending limb of the freshet.  
 

 
Plot 1: Tributary 2 2014 / 2015 Low Flow Hydrograph. 

 
 
The observation well TH14-01 winter data was also checked for errors and barometrically 
compensated.  The data has numerous peaks and troughs during the winter period. These may be the 
result of lake level fluctuations as the well is located a short distance from the lake. A pressure 
transducer will be installed in the lake during the summer of 2015 to correlate with the near lake 
groundwater data. The data downloaded is available as a separate excel file. 
 
 



 

 

 
Plot 2: TH14-01 July 2014 to May 2015 levels. 
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Appendix 1: Borehole Logs 



Groundwater seepage encountered at ft depth during drilling.
Groundwater depth 0.3 ft bgs after minutes.
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Introduction	  
	  

	  

Overview	  
	  
Kryotek Arctic Innovation Inc. conducted nine (9) geophysics surveys for 
Hydrologic Inc. at the DFO camp on Tahltan Lake, British Columbia in August 
2015. The survey lines were conducted throughout the property using a 
Lippmann 4-point Resistivity System. Surveys were conducted by James 
Coates and Astrid Grawehr of Kryotek Inc. 
 

 
Figure	  1–	  General	  Location	  of	  Tahltan	  Lake,	  due	  west	  of	  Iskut,	  BC	  (located	  northeast	  corner	  of	  map)	  	  
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Methodology	  

Overview	  
 
Resistivity was used for this area as the electrical properties of overburden, 
schist bedrock and mineralized fault systems are distinct and easily definable. 
A Lippmann 4- point Resistivity System was used. This system allows up to 40 
m of depth penetration. 

 
Data was collected and inverted using AGI Earth Imager 2D software. Noisy 
data points and electrodes with poor contact resistance were removed and 
data was filtered for spikes or depressions in resistivity. The software 
produced two- dimensional tomograms using a smoothed, least squares 
damped and robust inversion parameters. Preliminary interpretations were 
conducted on the processed data. 

DC	  Electrical	  Resistivity	  Tomography	  
 

This technique injects a direct electrical current into the ground surface, and 
then measures the voltage that remains at a number of distances from the 
injection point. As different soils have different resistances to electrical 
current, a tomogram (subsurface diagram) of resistivity can be produced. 

Earth	  Imager	  2D	  Software	  
 

Earth Imager 2D software (Advanced Geosciences Inc.) was used to invert and 
process the geophysics data. This software produces two-dimensional 
tomograms of resistivity data. The images were processed using both 
smoothed and robust inversion parameters in order to clarify transitions 
between material types as well as resistivity properties of those materials. 

Data	  Interpretation	  
 
The images were interpreted by James Coates and features such as thawed 
regions, ice-rich permafrost, competent bedrock, degraded bedrock and top of 
bedrock contours were identified. James Coates has ten years of experience 
performing geophysics surveys in permafrost areas commercially and 
academically at the doctoral level.  
 
These are preliminary interpretations. The central Yukon area is a unique 
landscape with complex and poorly understood surficial and bedrock geology. 
Best efforts were made to identify ground material types based on surface 
exposure, borehole and test pit data as well as experience in the area. 
Geophysical readings and interpretations are complicated by the presence of 
permafrost, which greatly alters geophysical properties of soil. 
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Interpretations are subjective and highly dependent on the experience of the 
interpreter. General principles and assumptions followed in the interpretation are 
as follows: 
 

1. Fine-grained materials over 600 Ohm/m are generally frozen. 
2. Frozen gravels and ice-rich materials have much higher resistivity (up to 

100,000 Ohm/m). 
3. Frozen granite bedrock (as well as granite boulders) has a relatively low 

resistivity, similar to the thawed overburden in the area. There is little 
difference between frozen and thawed granite. 

4. Frozen schist can have a very high resistivity due to the presence of 
interstitial water. 

5. High-induced polarization chargeability in bedrock can indicate 
mineralization and faulting. 

6. Low induced polarization chargeability in bedrock appears to indicate 
massive buried ice. 

7. Low resistivity can indicate thawed and saturated areas. 
8. Contrasts between resistivity readings indicate transitions between 

materials and are more important than absolute values. 
9. Resistivity is the primary tool. IP sections are only provided when it 

provides insights in addition to the findings from resistivity data. As a result 
only resistivity images will be labeled, with supplementary information on 
the IP sections where relevant. 

Limitations	  
 
The electrical resistivity and induced polarizations method provide an estimate of 
subsurface conditions only at the specific locations where lines were conducted 
and only to the depths penetrated, and within the accuracy of the method. Data 
gathered represents a hemispherical cross-section extending downwards from 
the surface. Results are more accurate closer to the surface and become more 
general with increasing depths. The presence of permafrost is a major 
complicating factor and can cause changes in resistivity of up to several orders of 
magnitude.  
 
These data are indirect and the interpreted features subjective in nature, with 
identified anomalies based on a visual assessment of the characteristic 
signatures in the data coupled with information from nearby boreholes and test 
pits.  
 
Interpretation is largely based on the experience of the operator with the specific 
equipment and terrain types. Certain material types can be very similar in 
resistivity, resulting in ambiguous results.  
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Geophysical	  Disclaimer	  
 
Subsurface information shown on these drawings was obtained solely for use in 
establishing design controls for the project. The accuracy of this information is 
not guaranteed and it is not to be construed as part of the plans governing 
construction of the project. It is the client’s responsibility to inquire of the owner if 
additional information is available, to make arrangements to review the same 
prior development to conduct whatever site investigation or testing may be 
required, and to make their own determinations as to all subsurface conditions.  
 
James Coates and Kryotek Arctic Innovation Inc. accept no liability whatsoever 
for any use or application of this information by any and all authorized or 
unauthorized parties. 
 
This is a preliminary report with limited analysis. Complete analysis and detailed 
interpretation of each geophysics image has not been conducted. This report 
should serve only as a guide to understanding ground conditions surrounding 
boreholes and test pits, and is not to be used for planning or construction 
purposes.  
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Survey	  Locations	  
 
Name Start of Line End of Line Notes 
TL-1 57° 58’ 31.1” 

131° 34’ 43.3” 
57° 58’ 29.9” 
131° 34’ 38.6” 

Just behind camp 
beside small 
“bridge” 

TL-2 57° 58’ 32.4” 
131° 34’ 42.5” 

57° 58’ 31.1” 
131° 34’ 42.3” 

Perpendicular to 
TL-1, crosses line 
 

TL-3 57° 58’ 19.6” 
131° 34’ 52.5” 

57° 58’ 22.3” 
131° 34’ 53.3” 

Edge of lake, 
potential spawning 
pond 

TL-4 57° 58’ 20.5” 
131° 34’ 54.5” 

57° 58’ 20.6” 
131° 34’ 51.9” 

Perpendicular to 
TL-3 
 

TL-5 57° 58’ 27.1” 
131° 36’ 19.2” 

57° 58’ 28.4” 
131° 36’ 14.1” 

Main spawning 
grounds, up on hill 
 

TL-6 57° 58’ 10.0” 
131° 34’ 45.5” 

57° 58’ 10.7” 
131° 34’ 43.8” 

Lake shore, further 
from camp then 
TL-4 

TL-7 57° 58’ 10.3” 
131° 34’ 44.6” 

57° 58’ 07.9” 
131° 34’ 42.3” 

Perpendicular to 
TL-6 
 

TL-8 57° 58’ 32.3” 
131° 34’ 47.2” 

57° 58’ 30.8” 
131° 34’ 51.7” 

At camp from 
bedrock toward 
boat launch 

TL-9 57° 58’ 28.4” 
131° 34’ 38.1” 

57° 58’ 29.2” 
131° 34’ 47.3” 

Over pit house 
 
 

Table	  1–	  GPS	  Co-ordinates	  of	  Survey	  Locations	  	  

 



   

Tahltan Lake Hydrology Geomophology Report| 8 

Maps	  of	  Geophysical	  Surveys	  
 

 
Figure	  2–	  Camp	  Area	  

 

 
Figure	  3–	  Spawning	  Area	  
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Figure	  4–	  Lake	  Area	  
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Resistivity	  Tomograms	  
 

 
Figure	  5–	  Geophysics	  Survey	  TL-1	  

This survey extends from West to East up the trail behind camp. It shows an 
undulating contact with granitic bedrock at 6-12 m depth. The undulation is 
consistent with heavily glaciated granite. Above bedrock is a layer of saturated 
sand and gravel. Drier sands and gravels are present from 2-4.5 m in depth. 
Damp sand is present from the surface to approximately 2 m depth. This has 
several saturated areas, which are likely in-filled creek channels. It is likely that 
there is a thin layer of basal till directly above bedrock. 
 

 
Figure	  6–	  Geophysics	  Survey	  TL-2	  

This survey crosses TL-1 perpendicularly at its midpoint. It runs from the base of 
slope of the hillside behind camp into the alluvial fan which makes up the majority 
of terrain to the east of camp. This hillside has granitic outcrop, which agrees well 
with the granitic bedrock contact seen in TL-1 and TL-2.  Bedrock contact is very 
close (1-2 m) to the surface at the start of the survey, then rapidly drops to 7-8 m 
depths. It remains at approximately 7 m depth before dropping off again at the 
end of the survey to 12 -13 m depths. This drop off may also be an artifact of the 
software post-processing of the image.  
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A 2-3 m thick layer of saturated sands and gravels is present overtop of bedrock 
across the survey. Drier or coarser sands and gravels are present from the 
surface to 3 m depths across the survey, interrupted by saturated in-filled creek 
channels.   
 

 
Figure	  7–	  Geophysics	  Survey	  TL-3	  

This survey runs south to north parallel to the lakeshore south of camp. A 
bedrock contact approximately rises from 15 m depths in the south to 5 m depths 
in the north across the image. This appears to be a metasedimentary bedrock, 
which agrees with local geological maps showing a contact between granite and 
medasedimentary bedrock in the area. A layer of saturated sand and gravel sits 
overtop of bedrock, extending to the surface on the north end of the survey and 
to 3-4 m depths on the south end of the survey. On the south end of the survey 
there is an area of drier sand and gravel (possibly abandoned channel 
sediments) overtop of the saturated material. 
 

 
Figure	  8–	  Geophysics	  Survey	  TL-4	  

This survey runs west to east, starting near the lakeshore and extending 
perpendicularly across TL-3 into the forest to the east. It shows similar 
stratigraphy to TL-3, with a metasedimentary bedrock at 12 m depth near the 
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lakeshore, which rises to 7-8 m depths further inland. A thin layer of basal till may 
be present just above bedrock. A saturated sand and gravel aquifer 4-5 m thick is 
present across the survey, capped with a drier, more resistive confining layer 2-3 
m in thickness just below the surface. Surface saturation 1-2 m thick is related to 
swampy conditions in the area. Surface water may be separated from the deeper 
aquifer by a less permeable silt layer.  
 

 
Figure	  9–	  Geophysics	  Survey	  TL-5	  

This survey extends from west to east across the top of the gravel bank at the 
lake spawning area and old fish camp. A coarse dry gravel bank approximately 8 
m high rises above the lake surface.  This layer of dry gravel shows itself as a 
red, high-resistivity region at the top of the image. A sharp contrast with a blue, 
low resistivity region at lake level shows the location of the water table. This 
aquifer extends to 20 m depths, is extremely saturated and sits on top of a layer 
of basal till or extremely compact gravels (green region) overlying 
metasedimentary bedrock (orange) at 20-30 m depths. The basal till likely acts 
as a lower level aquaclude.  
 

 
Figure	  10–	  Geophysics	  Survey	  TL-6	  

This survey extends from the lakeshore into the forest on the southern end of the 
alluvial fan. It shows metasedimentary bedrock at 4-8 m depths capped with a 
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thin (1 m) layer of basal till. From the basal till to the surface are extremely 
saturated sands and gravels. A thin (1-2m) layer of silt may be present from the 
surface downwards. This silt layer was observed in the lakebed.  
 

 
Figure	  11–	  Geophysics	  Survey	  TL-7	  

This survey extends perpendicular to TL-6 and parallel to the lakeshore. It shows 
metasedimentary bedrock at 4-6 m depths. This is likely capped with a thin layer 
of basal till similar to TL-6, then is overlain by saturated sands and gravels. A 1-2 
m silt layer appears to be present at the surface, similar to TL-6. This may act as 
a semi-impermeable layer to the aquifer below.  
 

 
Figure	  12–	  Geophysics	  Survey	  TL-8	  

This survey extends from the granite bedrock outcrop to the north of camp, 
through camp and out to the float plane dock to the south. Coarse, dry gravels 
are present under camp, extending to a granite bedrock shelf 5 m below the 
surface. Bedrock drops sharply to 10 m depth and remains relatively level at 10 
m to the float plane dock at the edge of the lake. Saturated sands and gravels 
with a few isolated pockets of either dry or extremely coarse gravel are present 
from bedrock to the surface across the rest of the survey from 35 to 100 m on the 
horizontal scale. 
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Figure	  13	  -	  Survey	  TL-9	  

This survey extends from west to east over a historically dug pit in the alluvial fan 
to the east of camp. Granite bedrock is approximately 3 m deep at the east end 
of the survey, dropping to below 9 m at the west end. A saturated layer of sand 
and gravel 2-3 m in thickness is directly above bedrock, and is overlain by a less 
saturated layer of dry gravels 3-5 m in thickness, which extends to the surface. 
The shape and location of the drier gravels suggests a cross sectional view of in 
filled and abandoned alluvial fan creek channels.  A pit approximately 1.5 m deep 
at 35 m along the survey shows dry sands, gravels and cobbles.  
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Statement	  of	  Qualifications	  

James	  Coates	  
 
I, James Coates of 173-108 Elliott Street, Whitehorse, Yukon, Canada DO 
HEREBY CERTIFY THAT: 
 

1. I am a Consulting Geomorphologist with current address at 173-108 
Elliott Street, Whitehorse, Yukon, Canada, Y1A 6C4. 

2. I am a graduate of the University of Calgary (B.Sc., 2004, Geography) 
and the University of Ottawa (M.Sc., 2008, Geography) 

3. I have practiced my Profession as a Geomorphologist continuously 
since 2008. 

4. I am President and sole shareholder of Kryotek Arctic Innovation Inc., 
a Yukon Registered Company.  

 

Astrid	  Grawehr	  
 
I, Astrid Grawehr of 173-108 Elliott Street, Whitehorse, Yukon, Canada DO 
HEREBY CERTIFY THAT: 
 

1. I am a practicing geoscience technician with approximately 3,000 
hours of field experience. 

2. I am a geophysics technician with over 1,000 hours of field time 
conducting resistivity/IP surveys. 

3. I am a graduate of Bishop’s University (B.A. Geography, 2008). 
4. I am Director of Operations of Kryotek Arctic Innovation Inc. 
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470 Granville Street, Suite 630, Vancouver, BC V6C 1V5 t 604-629-9075

July 11, 2016 

 

Patrick Hudson 

Hydrologic Inc. 

3076 Pidherny Road 

Smithers BC, V0J 2N4 

 

Dear Patrick,  

 
Re: Conceptual Hydrogeological and Numerical Modelling Update in 

Support of the Tahltan Lake Spawning Enhancement Project, BC 
- 2016 Update 

 

Palmer Environmental Consulting Group Inc. and Aquanty Inc. are pleased to submit the attached 

report that provides an update to the previously submitted results of our Conceptual Hydrogeological 

and Numerical Modelling in support of the Tahltan Lake Spawning Enhancement Project, British 

Columbia.  This report presents an updated conceptual hydrogeological model based on the results 

of the geophysical survey results completed in August 2015 by Kryotek Arctic Innovation Inc. The 

geophysical survey allowed for a reinterpretation of the subsurface hydrogeological conditions and 

provided confidence in our aquifer/ aquitard thickness and depth to bedrock. 

 

Also incorporated into this report is the new concept plan for the sockeye spawning enhancement 

areas, provided by Kerr Wood Leidal Consulting Engineers Inc., which provides design details for the 

ponds based on our current understanding of the site conditions. Additional field data collection is still 

required to finalize model calibration, but the results to date support the continued work on this project 

through identifying the pathways of groundwater flow and discharge, and changes in dissolved 

oxygen concentrations under a proposed fisheries enhancement scenario.   

 

Please let us know if you have question or comments on this submission. Thank you for the 

opportunity to work with you on this project. 

 

Yours truly, 

Palmer Environmental Consulting Group Inc. 
 

 

 

 

 

Jason Cole, M.Sc., P.Geo.                                               

Partner, Hydrogeologist                                                      
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1 Introduction 
Tahltan Lake is located in northwestern British Columbia, within the Stikine River Watershed (Figure 1).  

Tahltan Lake was identified as part of the Stikine Enhancement Feasibility Study, a study which focuses 

on identifying and investigating new sockeye salmon spawning opportunities, as having underutilized 

spawning and rearing capacity.  Of particular interest, was an area of spawning dunes on the northeast 

corner of the lake, where spawning gravels and groundwater upwelling was identified.   

 

Palmer Environmental Consulting Group Inc. (PECG) and Aquanty Inc. (Aquanty) were retained in 2015 

to develop a conceptual hydrogeological and numerical model of the northeast corner of the lake (the 

“study area”) to understand the current hydrogeological conditions supporting spawning and to predict 

future conditions under a spawning enhancement scenario (PECG & Aquanty, 2015). This report 

presents an updated conceptual hydrogeological model based on the results of the geophysical survey 

results completed in August 2015 by Kryotek Arctic Innovation Inc. (Kryotek) and is provided in Appendix 

A for reference. The geophysical survey allowed for a reinterpretation of the subsurface hydrogeological 

conditions and provides confidence in our aquifer/ aquitard thickness and depth to bedrock 

interpretations. These data were used to update the 2015 hydrogeological model framework to better 

represent the hydrostratigraphy of the Tahltan Lake spawning area. This 2016 report is intended to 

update and expand upon the 2015 report and data analysis. 

 

Based on the previously available data and the new geophysical survey, the previous preliminary 2-

dimensional (2D) flow and transport model (PECG & Aquanty, 2015), developed using HydroGeoSphere 

(HGS) to quantify groundwater flow and dissolved oxygen (DO) transport under existing conditions and 

under a conceptual spawning enhancement scenario was updated with new hydrogeological information.  

As the amount of data is still limited at limited at this stage of the project, the 2D model was built and 

calibrated to long term average conditions at the site (e.g., groundwater levels) and a preliminary 

transport simulation was performed (using a conservative species) to better understand the basic 

transport behaviour of the system.    

 

Recommendations for additional field data collection are provided in Section 6 that would strengthen 

conceptual hydrogeological model of the area and allow for more robust modelling to be conducted.   

 

2 Conceptual Model  
2.1 Base Case 

In 2013, an initial scoping level assessment of the area was conducted by Hydrologic Inc., to better 

understand the surficial geology of the area and identify suitable conditions to support spawning.  A 

geomorphology assessment suggested that the northeast area of the lake was connected to an 

unconfined glaciofluvial paleo-channel aquifer.  Auger holes and test pits confirmed that the subsurface 

materials were dominated by glaciofluvial sands and gravels.  Closer to Tahltan Lake a layer of peat and 

silt was identified, that was thought to act as a localized confining unit creating a head difference between 

the glaciofluvial aquifer and Tahltan Lake.   
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Figure 1.  Tahltan Lake Study Area and Surficial Geology



CONCEPTUAL HYDROGEOLOGICAL AND NUMERICAL MODELLING UPDATE IN SUPPORT OF THE TAHLTAN LAKE 

SPAWNING ENHANCEMENT PROJECT, BC 

- 2016 UPDATE 
 

3 
 

In 2014, data collection focused on more detailed hydrogeological assessments within the study area in 

the northeast corner of the lake (Figure 1 – location of data collection points not shown).  These data are 

provided in Appendix B.  The data collected include: 

 

 Soil logs and groundwater levels at 4 shallow monitoring well locations near Tahltan Lake; 

 Single Well Response Tests (slug test) to estimate hydraulic conductivity (K) of the soils at the 

monitoring well locations; 

 Groundwater and surface water field parameter data from summer 2014 at : DO, pH, Temperature, 

Conductivity, and Oxidation-Reduction Potential (ORP); 

 Daily Tahltan Lake Elevation data between May 6, 2014 and September 26, 2014; and  

 Stream flow (Q) and cross-section data from Tributary 2 (Sept 19, 2014). 

 

Based on the 2013 and 2014 data, and regional geology mapping from the BC Ministry of Energy and 

Mines (Brown, 1993), a conceptual hydrogeological model was developed for the study area.  As shown 

on Figure 1, Tributary 2 provides the main source of recharge supporting groundwater flow in the 

unconfined glaciofluvial aquifer.  Groundwater flows from east to west, and discharges into Tahltan Lake.  

Near Tahltan Lake, the aquifer becomes semi-confined below a peat and silt aquitard unit.  This creates a 

head difference between the aquifer and Tahltan Lake supporting groundwater upwelling and creating 

conditions suitable for sockeye salmon spawning habitat.   

 

The conceptual and numerical models have been updated to incorporate the findings of the geophysical 

survey completed by Kryotek in 2015 (Kryotek, 2015 – Appendix A). To facilitate development of a 

numerical model, additional details of the physical geological and hydrogeological setting of the study 

area were required to be assumed.  These assumptions included: 

 

 Aquifer thickness/ depth to bedrock (15 m near Tributary 2 and 10 m near Tahltan Lake); 

 Bedrock hydraulic conductivity (<10-9 m/s); 

 A 2.4 m thick basal till underlies the aquifer and layer overlies bedrock. Estimated hydraulic 

conductivity = 1 x 10-8 m/s; 

 Stream bed hydraulic conductivity of Tributary 2 (estimated to be 4 x10-6 m/s); 

 Length of groundwater flow path in the glaciofluvial aquifer (1100 m); 

 Total Precipitation = Actual Evapotranspiration (ET) such that the aquifer receives no recharge 

from precipitation; and 

 The confining unit of peat and silt was estimated to be present within 50 m of Tahltan Lake and 

range in thickness from about 1.8 m near the lake to less than 0.1 m. 

 

It is recognized by the authors that much of the data used to create the numerical model are based on 

estimates rather than physical data.  As such, the modelling results will be considered preliminary in 

nature. However, the results will provide a general confirmation as to the appropriateness of the 

conceptual hydrogeological model and will significantly improve the understanding of the hydrogeological 

setting.  Improvements to the conceptual hydrogeological model and subsequent numerical model can be 

made as future field data is obtained through additional studies. 
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2.2 Conceptual Spawning Enhancement Area Design 

The concept behind creating a Spawning Enhancement Area (SEA) is to create new sockeye salmon 

spawning habitat in an area of Tahltan Lake that is currently believed to be underutilized for spawning 

and rearing (P.Hudson, 2015, personal comm.).   

 

While the habitat contains appropriately sized spawning gravels (from the sand and gravel aquifer) and 

groundwater upwelling, the results of water quality sampling indicate moderately low levels of DO in the 

discharging groundwater.  Shallow groundwater sampling from a groundwater well in the main spawning 

area (3.9 mg/L - Appendix B) suggest that the wetland sequences of peat and silt along the shoreline of 

Tahltan Lake may be consuming much of the available DO prior to discharge.  Therefore, if a channel 

was dug up-gradient of the lake and through the peat and silt wetland materials, it is thought that the DO 

concentrations may be higher, while the magnitude of groundwater upwelling would remain constant.    

 

Engineers from Kerr Wood Leidal Consulting Engineers Inc. (KWL) were retained to develop and design 

a conceptual fish spawning pond/ pond system for the project (KWL, 2016). The Conceptual SEA Trench 

Pond design and design details are presented in plan view and in cross-section on Figure 2.   

 

In general, the SEA Trench Ponds have the following characteristics: 

 

 The edge of the trench is set back of approximately 20 m from the edge of Tahltan Lake; 

 The ponds have a 27.5 m width to provide sufficient spawning area and avoid shoreline predators 

at both high and low water levels; 

 A 6:1 sloped spawning beach is located along the northern edge; 

 The ponds are approximately 2.5 m in depth to fully penetrate the peat/silt aquitard and intercept 

groundwater flow from the sand and gravel aquifer; 

 Side walls are design with a 3:1 slope; and 

 The inlet and outlet of each pond is spaced about 60 m apart and connected to both Tahltan Lake 

and the other spawning enhancement ponds. 

 

The results of this numerical modelling exercise and future field investigations will provide many of the 

required supporting details for future conceptual or preliminary design versions of the SEA Trench.   



Tahltan Lake

Conceptual SEA Cross‐Section

SEA Trench

Tahltan  
Lake

Sand and Gravel Aquifer

Peat/Silt Cap

Figure 2.  Conceptual Spawning Enhancement Area (SEA) Fish Pond Location and Design (drawings from KWL, 2016)
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3 Numerical Model 
3.1 Numerical Model Selection 

The appropriate numerical model for any problem is that which physically represents the key processes 

governing the system. For this modelling project, accurately representing the infiltration of water at 

Tributary 2, and the groundwater discharge into the SEA Trench and Tahltan Lake, requires the use of a 

fully integrated groundwater-surface water model. Fully integrated models are unique in their approach to 

simulating water movement because they are intended to seamlessly track the movement of water 

between surface water, soil water, and groundwater systems with a physics based numerical approach.  

By utilizing the underlying physics to describe water movement, as oppose to empirical or statistical 

relationships commonly used by simpler modelling approaches, fully integrated models are not restricted 

by any form of process simplification.  

 

Among the available fully integrated groundwater-surface water models, HydroGeoSphere (HGS) is 

recognized as the most comprehensive model and most appropriate for this project. The HGS model 

(Aquanty Inc., 2015) is a three-dimensional control volume finite element simulator which is designed to 

simulate the entire terrestrial portion of the hydrologic cycle. It uses a globally-implicit approach to 

simultaneously solve the 2D diffusion wave equation and 3D form of Richard’s equation. It also 

dynamically integrates key components of the hydrologic cycle such as evaporation from bare soil and 

water bodies, vegetation-dependent transpiration with root uptake, snowmelt and soil freeze/thaw. As with 

the solution of the coupled water flow equations, HGS solves the contaminant transport and energy 

transport equations over the land surface and in the subsurface, thus allowing for surface/subsurface 

interactions. The HGS platform uses a robust and efficient nonlinear solver, and has been parallelized to 

utilize high performance computing facilities to address large-scale problems. 

 

HGS has been successfully applied to a number of real-world cross-sectional modelling problems, 

including: hillslope models to quantify the origins of water entering a stream (Park et al., 2011); simulation 

of solute transport and tracer hydrograph separation (Liggett et al., 2014); and the role of groundwater 

recharge from overbank floods (Doble et al., 2012).  While the application of HGS for fisheries habitat is a 

novel application, the above examples indicate that HGS is well suited for this type of problem. 

Appendix C presents a more detailed description of the HGS model. 

 

3.2 Numerical Model Development 

A 2D numerical model was constructed for each conceptual model: i) Base Case (existing conditions); 

and, ii) the Spawning Enhancement Area (SEA) Trench; based on the dimensions, material zonations, 

and boundary conditions developed as part of the conceptual model development.   

 

Three distinct material zones were included in both numerical models and parameterized according to the 

calibration efforts from 2015’s modelling efforts:  

 
1) Sand and Gravel Aquifer – this zone represents the majority of the model domain and 

consists of sediments with K values on the order of 10-4 – 10-5 m/s. 
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2) Low K Stream Bed Sediments – this zone represents the material deposited at the base of 
Tributary 2 and is expected to be on the order of 10-5 – 10-6 m/s, with an anisotropy ratio Kz/Kx 
of 1:10.  Within the numerical simulations the K of this zone allows the amount of leakage from 
Tributary 2 to the underlying Sand & Gravel Aquifer to be increased or decreased.  

3) Peat/Silt Cap – this zone represents the low K sediments that overly the Sand & Gravel 
Aquifer at the edge of Tahltan Lake and is expected to be on the order of 10-7 m/s. 

4) Basal Till – the geophysics data (Kryotek, 2015 – Appendix A) indicated the presence of a 
basal till unit overlying bedrock. The unit is estimated to be approximately 2.4 m thick with K of 
approximately 1 x 10-8 m/s. 

3.3 Numerical Model – Base Case 

The triangular prism finite element mesh, for the Base Case model was constructed based on the 

dimensions and material distributions from the Base Case conceptual model using Leapfrog Hydro 

(www.leapfrog3D.com). During mesh construction, node control features were incorporated to ensure that 

key zones were accurately represented in the model (e.g., Tributary 2, Peat/Silt cap, Basal Till). Figure 3 

shows the location of the material zones within the numerical model for the Base Case. The finite element 

mesh for the Base Case consisted of 57,292 nodes and 54,691 elements. Figure 4 shows a close up 

view of the numerical model for both the upstream and downstream and regions. 

 

All boundaries of the subsurface domain, except the upper surface, were assigned as no flow boundaries. 

This means that water can only enter or leave the subsurface as either recharge or discharge.  

 

Two constant head boundaries were assigned to the surface domain: 

 
 Average stage height in Tributary 2 = 839.6 masl 
 Average level in Tahltan Lake = 812.5 masl 

 

3.4 Numerical Model – Spawning Enhancement Area Trench 

Similar to the Base Case, the triangular prism finite element mesh for the SEA Trench model was 

constructed based on the dimensions and material distributions from the SEA Trench conceptual model 

using Leapfrog Hydro (www.leapfrog3D.com). During the mesh construction, node control features were 

incorporated to ensure that key zones were accurately represented in the model (e.g., Tributary 2, 

Peat/Silt cap, and Basal Till). Figure 5 shows the location of the material zones within the numerical 

model for the SEA Trench Case. 

 

The finite element mesh for the SEA Trench case contained of 57,128 nodes and 54,529 elements. The 

higher node count for the SEA Trench model is reflective of the additional geometry and refinement 

required to represent the SEA Trench within the model domain.  Figure 6 shows a close up view of the 

numerical model for both the upstream and downstream and regions. 

 

Similar to the Base Case, all boundaries of the subsurface domain, except the upper surface, were 

assigned as no flow boundaries. This means that water can only enter or leave the subsurface, as either 

recharge or discharge. 
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Two constant head boundaries were assigned to the surface domain for the SEA Trench case: 

 
 Average stage height in Tributary 2 = 839.6 masl 
 Average level in Tahltan Lake = 812.5 masl 
 Average level in SEA Trench (assumed to be the same as Tahltan Lake) = 812.5 masl 

 

 
Figure 3.  Base Case Numerical 2D Section and Model Zonation 
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Figure 4.  Close-up of Base Case Finite Element Mesh at Recharge and Discharge Locations 

 

 
Figure 5.  SEA Trench Numerical 2D Section and Model Zonation 
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Figure 6.  Close-up of SEA Trench Finite Element Mesh at Recharge and Discharge Locations 

 

4 Flow Simulations 
4.1 Calibration 

The parameters derived from the calibration of the model in 2015 (PECG & Aquanty, 2015) were used for 

the simulations presented in this report. The following calibration values for each unit were obtained: 

 
 Sand & Gravel Aquifer - Kx = 4 x 10-4 m/s, Kz = 4 x 10-5 m/s 
 Stream Bed – Kx = Kz =  4 x 10-6 m/s 
 Peat/Silt Cap – Kx = Kz =  1 x 10-7 m/s 

Figure 7 shows the resulting water table position, groundwater flow vectors, and fluxes in and out of the 

system using with the update geology. These simulation results indicate that Tributary 2 is losing water to 

the subsurface at a rate of approximately 4.6 L L/min/m. Based on the conceptualization of the model as 

a steady-state problem, the inflow is balanced by an equal amount of groundwater discharge to Tahltan 

Lake (4.6 L/min/m). This is very similar to the results of the 2015 study (PECG & Aquanty, 2015) which 

found a steady state groundwater rate of 4.5 L/min/m. 

 

4.2 SEA Trench Flow Simulations 

The results of repeating the simulation with the updated geology to assess the impact of the SEA Trench 

on groundwater to Tahltan Lake are shown in Figure 8. For the SEA Trench case, the total amount of 

infiltration from Tributary 2 is nearly identical to that of the Base Case. However, the rate of groundwater 

discharge to Tahltan Lake decreases significantly, with approximately 90% being intercepted by the SEA 

Trench. Groundwater flux, and velocity, is significantly reduced down gradient of the trench. These results 

are very similar to those from 2015 (PECG & Aquanty, 2015) where 85% of the discharging groundwater 

was found to be intercepted by the SEA Trench. The key difference for this case is the Trench has been 

deepened by 1 m. 

 



CONCEPTUAL HYDROGEOLOGICAL AND NUMERICAL MODELLING UPDATE IN SUPPORT OF THE TAHLTAN LAKE 

SPAWNING ENHANCEMENT PROJECT, BC 

- 2016 UPDATE 
 

11 
 

 
 

Figure 7.  Base Case Modelled Water Table Position, Groundwater Flow Vectors, and Groundwater 
Flux in and out of the Sand and Gravel Aquifer 
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Figure 8.  SEA Trench Scenario Modelled Water Table Position, Groundwater Flow Vectors, and 
Groundwater Flux in and out of the Sand and Gravel Aquifer 

  

SEA  
Trench 
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5 Dissolved Oxygen Transport Simulations  
The transport simulations performed in 2015 (PECG & Aquanty, 2015) were reproduced using the 

updated flow simulations presented in this report. Non-reactive transport simulations were conducted to 

understand the potential impact of the SEA Trench design on dissolved oxygen (DO) concentrations in 

the groundwater discharging to Tahltan Lake. The transport and degradation of DO in a natural system is 

a very complicated geochemical process, and is currently beyond the capabilities of any fully coupled 

surface and subsurface flow and transport model. However, the degradation of DO in a natural system 

can be approximated using first-order decay calibrated to observed DO concentrations.  

 

Based on the conceptual understanding of the site, it was assumed that water infiltrating from Tributary 2 

had a DO concentration of approximately 11 mg/L (Appendix B). Field observations of typical spawning 

habitats in Tahltan Lake indicated that the DO concentration of discharging groundwater was likely to be 

3 – 4 mg/L. This DO information for formed the basis of the transport simulations in 2015 (PECG & 

Aquanty, 2015): 

 

 Specified Concentration Boundary Condition at Tributary 2 (DO = 11 mg/L); and 

 Calibration Target: DO concentration of groundwater discharging to Tahltan Lake = 3-4 mg/L. 

 

A first-order decay rate (λ) was assigned to the subsurface domain to represent the consumption of DO 

along the flow path from Tributary 2 to Tahltan Lake. The value of the decay rate was used as a 

calibration parameter to achieve the desired groundwater discharge concentration. 

 

The consumption of DO in this system can be conceptualized in two ways: 1) DO is consumed at a 

constant rate along the entire length of the flow path; or 2) DO is consumed at different rates depending 

on the material it is flowing through (e.g., zoned decay). Both scenarios were evaluated reproduced in this 

studying using the calibrated decay rates determined from the 2015 simulations (PECG & Aquanty, 

2015). 

 

 

5.1 Uniform Decay 

Assuming a uniform first-order decay rate (λ) for the Sand and Gravel Aquifer, λ was manually adjusted to 

as part of the 2015 simulations (PECG & Aquanty, 2015) to achieve a groundwater discharge 

concentration at Tahltan Lake of DO = 3 – 4 mg/L. The calibrated value of λ was 1.52 x 10-3 m-1.  Figure 9 

shows the steady-state distribution of DO within the system for the Base Case Model with updated 

geology and a uniform decay rate. 

 

The Basal Till is evident along the bottom of the domain as a low DO zone. These low DO’s are a result 

of the low K of the Basal Till causing extended groundwater travel times in this unit and loss of residual 

DO concentrations. 
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Figure 9.  Base Case Dissolved Oxygen Transport Simulation with Uniform Decay 

 

Using λ from the Base Case calibration, the transport simulation was repeated for the SEA Trench Case 

to assess the relative impact of the presence of the SEA Trench on the DO concentrations in the 

discharging groundwater with updated geology. Figure 10 shows the steady-state distribution of DO 

within the system for the SEA Trench Case with uniform decay rate. The DO concentration of the 

groundwater discharging into the SEA Trench under this decay condition is still approximately 4 mg/L. DO 

concentrations of groundwater discharging to Tahltan Lake are relatively unaffected. However, due to the 

decreased groundwater flux to Tahltan Lake the mass of oxygen entering the lake will be significantly 

reduced. 
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Figure 10.  SEA Trench Scenario Dissolved Oxygen Transport Simulation with Uniform Decay 

 

 

5.2 Zoned Decay 

Given the limited information on groundwater DO concentrations from the site it is not possible to know if 

a uniform decay rate, as present in Section 5.1, is a reasonable assumption. An alternative scenario is 

one in which λ varies along the flow path, with greater decay occurring in portions of the aquifer with more 

organics. Based on the conceptual understanding of the site it is assumed that the Sand and Gravel 

Aquifer has a relatively low organic content, and thus low oxygen demand. Closer to the lake the amount 

of organics is expected to increase, thus increasing the oxygen demand. The lake bed sediments are 

expected to have the highest organic content and thus the highest oxygen demand. Based on this 

conceptualization, three zones with different λ were created as part of the 2015 study (PECG & Aquanty, 

2015) .The location and extent of these zones are shown in Figures B5 and B6 and were reproduced for 

the simulations presented in this report.  

 

 Zone 1 – Covers the majority of the sand and gravel aquifer, and extends from the end of the 

Peat/Silt cap to Tributary 2 and represents an aquifer with low organic content. For calibration 

purposes in 2015 (PECG & Aquanty, 2015) the target DO concentration at the edge of the 

Peat/Silt cap was 8 mg/L.  

 Zone 2 – Extends from near the edge of Tahltan Lake to the edge of the Peat/Silt cap and reflects 

of zone of moderate DO consumption due to presence of organics the depositional history of the 

lake. For calibration purposes in 2015 (PECG & Aquanty, 2015), the target DO concentration 

near Tahltan Lake was 5-6 mg/L. 

 Zone 3 – Represents a thin layer of lake bed sediments with high organic content. For calibration 

purposes in 2015 (PECG & Aquanty, 2015),the target DO concentration entering Tahltan Lake 

was 2-3 mg/L (slightly lower than the 2015 results). 
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The 1st order decay rates (λ), determined from the 2015 (ref) manually calibrations for each zone to 

achieve the target DO concentrations were: 

 

 λ1 = 4.22 x 10-4 m-1 

 λ2 = 4.22 x 10-3 m-1 

 λ3 = 2.52  m-1 

 

Using these values with the updated geology, the simulation results for the Base Case and SEA Trench 

Case were repeated and are presented in Figures 11 and 12 respectively. 

 

For the Base Case (Figure 11), DO concentrations are very similar to those presented in Section 5.1 for 

the majority of the domain, however, DO consumption accelerates beneath the Silt/Peat cap, and near 

the Lake Bed sediments. This is consistent with the 2015 simulation results.  

 

Figure 12 shows the distribution of DO concentrations for the SEA Trench with zoned decay and updated 

geology. For the zoned decay scenario the DO concentrations in groundwater discharging to the SEA 

Trench are significantly higher than for the non-zoned scenario; approximately 7-8 mg/l compared to 2-3 

mg/L. However, due to the significant interception of water by the SEA Trench, groundwater velocities 

closer to the lake slow down and allow more DO to be consumed, thus reducing DO concentrations 

discharging to Tahltan Lake to 0.5 - 1 mg/L. The combination of decreased groundwater velocities and 

DO concentration means that significantly less oxygen mass is entering Tahltan Lake. These results are 

similar to those found in the 2015 study (PECG & Aquanty, 2015). 
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Figure 11.  Base Case Scenario Dissolved Oxygen Transport Simulation with Zoned Decay 
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Figure 12.  SEA Trench Scenario Dissolved Oxygen Transport Simulation with Zoned Decay 

 

 

 

  

~ 7 ‐ 8 mg/L 
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6 Conclusions and Recommendations  
 

6.1 Conclusions  

The flow and transport simulations performed in 2015 (PECG & Aquanty, 2015) were updated based on 

current understanding of the site, primarily an improved understanding of the stratigraphy based on a 

geophysics survey (Kryotek, 2015). Despite this additional data it should be reiterated that much of the 

data used to create the numerical model are based on estimates rather than physical data.  As such, the 

modelling results, and conclusions drawn from them, should be considered preliminary in nature. In the 

future, improvements to the conceptual hydrogeological model and subsequent numerical model can be 

made as future field data is obtained through additional studies. 

 

Based on the results of the numerical simulations of the current conceptual hydrogeological model the 

following conclusions are made: 

 

 Under existing conditions, groundwater is predicted to be discharging from the Sand and Gravel 

Aquifer in the northeastern portion of Tahltan Lake at a rate of 4.58 L/min/metre of lake length 

and have a DO concentration of 3.9 mg/L (based on 2014 field data); 

 

 Numerical model results show that groundwater discharge into a proposed SEA Trench would be 

about 4.13 L/min/metre of trench, which is about 90% of the existing predicted discharge;   

 

 DO concentrations in the SEA Trench under a uniform decay scenario are expected to be about 4 

to 4.5 mg/L.  Under a zoned decay scenario, DO concentrations are expected to be about 7 to 8 

mg/L.  The appropriateness of these two scenarios will need to be further tested through the 

collection of field data;  

 

 Over the area hydraulically influenced by the SEA Trench, groundwater discharge and DO 

concentrations entering Tahltan Lake are predicted to be reduced to 0.49 L/min/m and between 

0.5 – 1.0 mg/L, respectively.  Outside of the hydraulic influence of the SEA Trench, the existing 

groundwater discharge and DO concentrations would be unchanged from existing conditions; and 

 

 The results suggest that the SEA Trench would be effective in capturing groundwater flow, and 

maintaining a similar volume and rate of groundwater upwelling from the Sand and Gravel Aquifer 

as the existing condition.  DO concentrations in groundwater discharging to the SEA Trench may 

be higher than groundwater discharging into Tahltan Lake, due to reduced organic content in the 

soil. 

 

6.2 Recommendations for Future Data Collection and Analysis 

While the collection of geophysical data to confirm aquifer/ aquitard thickness and depth to bedrock has 

greatly improved the confidence in the modeling results, additional data collection and analysis would 

further strengthen the hydrogeological conceptual model for the study area and provide the additional, 
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site-specific information required to further refine the numerical model and move the SEA design forward.  

Based on the outcome of this study and the limitations of the numerical modelling results, the following 

field equipment instrumentation and data collection are recommended for the Tahltan Lake Spawning 

Enhancement Project: 

 
1. The installation of  ½”-ID hand driven mini-piezometers (MP) in Tahltan Lake and Tributary 2 to 

measure the magnitude and direction of the hydraulic gradients, and for groundwater sampling; 
 

2. Borehole drilling and groundwater monitoring well installations at 3 locations to confirm soil 
stratigraphy, identify heterogeneities within the sand and gravel aquifer (i.e., silt or clay layers) 
depth of bedrock, water table elevation, hydraulic conductivity, and groundwater chemistry 
(particularly DO, pH, ORP and Dissolved Organic Carbon).  These should be installed along the 
groundwater flow path at locations near Tahltan Lake, near Tributary 2, and in the mid-point 
between the two locations; 

 
3. Seasonal groundwater level and general groundwater chemistry sampling from exiting 

piezometers (wells) and from the new MPs; 

 
4. Seasonal stream flow gauging at upstream and downstream locations in Tributary 2 to calculate 

volume of stream flow lost to the aquifer; 

 
5. Detailed shallow hand augering to confirm extent and thickness of the peat and silt cap near 

Tahltan Lake; 

 
6. Grain size and hydrometer analysis of peat and silt soil to estimate hydraulic conductivity based 

on grain size; and 

 
7. Continuous water level data collection (using data loggers) in Tahltan Lake and Tributary 2.   
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8 Limitations  
This report has been prepared by Palmer Environmental Consulting Group Inc. and Aquanty Inc., for the 

exclusive use of Hydrologic Inc., and its authorized agents (collectively, “HYDROLOGIC”) in connection 

with certain professional hydrogeological modelling services. HYDROLOGIC acknowledges that the 

information contained in this report, including, without limitation, the factual information, descriptions, 

interpretations, plans, specifications, calculations, notes, electronic files and similar material, comments, 

conclusions and recommendations contained herein with respect to the hydrogeological model are based 

on the hydrogeological investigations specific to the project described in this report and do not apply to 

any other project or site.  HYDROLOGIC further acknowledges and understands that this report is to be 

kept confidential and not to be disclosed, published or disseminated to any other party without the prior 

written consent of Aquanty Inc.   

 

The professional hydrogeological modelling services performed as described in this report were 

conducted in a manner consistent with the level of care and skill normally exercised by members of the 

engineering and science professions currently practising under similar conditions, subject to the quantity 

and quality of available data, the time limits and financial and physical constraints applicable to the 

services. Unless otherwise specified, the results of previous or simultaneous work provided by sources 

other than Aquanty Inc., and quoted and/or used herein are considered as having been obtained 

according to recognised and accepted professional rules and practices, and therefore deemed valid. This 

model provides a predictive scientific tool to evaluate the impacts on a real hydrogeological system of 

specified hydrological stresses and/or to compare various scenarios in a decision-making process.   

 

This report must be read in its entirety as some sections could be falsely interpreted when taken 

individually or out-of-context. As well, the final version of this report and its content supersedes any other 

text, opinion or preliminary version produced by Aquanty Inc. 

 

LIMITATIONS OF LIABILITY 

 

Aquanty Inc. does not guarantee or warrant the accuracy, reliability, completeness or consistency of this 

report as hydrogeological investigations and hydrogeological modelling are inexact sciences, and 

therefore, errors and omissions are excepted.  Actual results may vary at any time and from time to time 

due to continual development of new techniques to evaluate these items, constantly fluctuating or 

unknown surface and subsurface conditions and lack of complete information both spatially and 

temporally about the geological and hydrogeological conditions, the amount of data available relative to 

the degree of complexity of the geologic formations, the site hydrogeology, and on the quality and degree 

of accuracy of the data entered. Therefore, every hydrogeological model is a simplification of reality and 

the model described in this report is not an exception. If additional information is discovered in future 

assessments or investigations, or Aquanty Inc. has been notified of any occurrence, activity, information 

or discovery, past or future, susceptible of modifying the conditions described herein, Aquanty Inc. shall 

have had the opportunity of revising its interpretations, comments and recommendations, and will not be 

held responsible for the conclusions presented in the findings.  
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THIS REPORT IS PROVIDED “AS IS” WITHOUT ANY REPRESENTATIONS, WARRANTIES, OR 

CONDITIONS OF ANY KIND, EXPRESS OR IMPLIED.  IN NO EVENT SHALL AQUANTY INC. BE 

RESPONSIBLE TO HYDROLOGIC OR ANY OTHER PERSON OR ENTITY, BE IT GOVERNMENT, 

CORPORATE, STAKEHOLDER OR OTHER, FOR ANY DIRECT, SPECIAL, CONSEQUENTIAL, 

INCIDENTAL, OR INDIRECT DAMAGES, LIABILITIES, LOSSES (INCLUDING LOST PROFITS), 

COSTS (INCLUDING LEGAL FEES AND DISBURSEMENTS), EXPENSES, CLAIMS, FINES, 

PENALTIES, DEMANDS, SUITS, ACTIONS, PROCEEDINGS OR JUDGEMENTS, HOWEVER 

CAUSED. 
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Introduction	  
	  

	  

Overview	  
	  
Kryotek Arctic Innovation Inc. conducted nine (9) geophysics surveys for 
Hydrologic Inc. at the DFO camp on Tahltan Lake, British Columbia in August 
2015. The survey lines were conducted throughout the property using a 
Lippmann 4-point Resistivity System. Surveys were conducted by James 
Coates and Astrid Grawehr of Kryotek Inc. 
 

 
Figure	  1–	  General	  Location	  of	  Tahltan	  Lake,	  due	  west	  of	  Iskut,	  BC	  (located	  northeast	  corner	  of	  map)	  	  
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Methodology	  

Overview	  
 
Resistivity was used for this area as the electrical properties of overburden, 
schist bedrock and mineralized fault systems are distinct and easily definable. 
A Lippmann 4- point Resistivity System was used. This system allows up to 40 
m of depth penetration. 

 
Data was collected and inverted using AGI Earth Imager 2D software. Noisy 
data points and electrodes with poor contact resistance were removed and 
data was filtered for spikes or depressions in resistivity. The software 
produced two- dimensional tomograms using a smoothed, least squares 
damped and robust inversion parameters. Preliminary interpretations were 
conducted on the processed data. 

DC	  Electrical	  Resistivity	  Tomography	  
 

This technique injects a direct electrical current into the ground surface, and 
then measures the voltage that remains at a number of distances from the 
injection point. As different soils have different resistances to electrical 
current, a tomogram (subsurface diagram) of resistivity can be produced. 

Earth	  Imager	  2D	  Software	  
 

Earth Imager 2D software (Advanced Geosciences Inc.) was used to invert and 
process the geophysics data. This software produces two-dimensional 
tomograms of resistivity data. The images were processed using both 
smoothed and robust inversion parameters in order to clarify transitions 
between material types as well as resistivity properties of those materials. 

Data	  Interpretation	  
 
The images were interpreted by James Coates and features such as thawed 
regions, ice-rich permafrost, competent bedrock, degraded bedrock and top of 
bedrock contours were identified. James Coates has ten years of experience 
performing geophysics surveys in permafrost areas commercially and 
academically at the doctoral level.  
 
These are preliminary interpretations. The central Yukon area is a unique 
landscape with complex and poorly understood surficial and bedrock geology. 
Best efforts were made to identify ground material types based on surface 
exposure, borehole and test pit data as well as experience in the area. 
Geophysical readings and interpretations are complicated by the presence of 
permafrost, which greatly alters geophysical properties of soil. 
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Interpretations are subjective and highly dependent on the experience of the 
interpreter. General principles and assumptions followed in the interpretation are 
as follows: 
 

1. Fine-grained materials over 600 Ohm/m are generally frozen. 
2. Frozen gravels and ice-rich materials have much higher resistivity (up to 

100,000 Ohm/m). 
3. Frozen granite bedrock (as well as granite boulders) has a relatively low 

resistivity, similar to the thawed overburden in the area. There is little 
difference between frozen and thawed granite. 

4. Frozen schist can have a very high resistivity due to the presence of 
interstitial water. 

5. High-induced polarization chargeability in bedrock can indicate 
mineralization and faulting. 

6. Low induced polarization chargeability in bedrock appears to indicate 
massive buried ice. 

7. Low resistivity can indicate thawed and saturated areas. 
8. Contrasts between resistivity readings indicate transitions between 

materials and are more important than absolute values. 
9. Resistivity is the primary tool. IP sections are only provided when it 

provides insights in addition to the findings from resistivity data. As a result 
only resistivity images will be labeled, with supplementary information on 
the IP sections where relevant. 

Limitations	  
 
The electrical resistivity and induced polarizations method provide an estimate of 
subsurface conditions only at the specific locations where lines were conducted 
and only to the depths penetrated, and within the accuracy of the method. Data 
gathered represents a hemispherical cross-section extending downwards from 
the surface. Results are more accurate closer to the surface and become more 
general with increasing depths. The presence of permafrost is a major 
complicating factor and can cause changes in resistivity of up to several orders of 
magnitude.  
 
These data are indirect and the interpreted features subjective in nature, with 
identified anomalies based on a visual assessment of the characteristic 
signatures in the data coupled with information from nearby boreholes and test 
pits.  
 
Interpretation is largely based on the experience of the operator with the specific 
equipment and terrain types. Certain material types can be very similar in 
resistivity, resulting in ambiguous results.  
 
 



   

Tahltan Lake Hydrology Geomophology Report| 6 

Geophysical	  Disclaimer	  
 
Subsurface information shown on these drawings was obtained solely for use in 
establishing design controls for the project. The accuracy of this information is 
not guaranteed and it is not to be construed as part of the plans governing 
construction of the project. It is the client’s responsibility to inquire of the owner if 
additional information is available, to make arrangements to review the same 
prior development to conduct whatever site investigation or testing may be 
required, and to make their own determinations as to all subsurface conditions.  
 
James Coates and Kryotek Arctic Innovation Inc. accept no liability whatsoever 
for any use or application of this information by any and all authorized or 
unauthorized parties. 
 
This is a preliminary report with limited analysis. Complete analysis and detailed 
interpretation of each geophysics image has not been conducted. This report 
should serve only as a guide to understanding ground conditions surrounding 
boreholes and test pits, and is not to be used for planning or construction 
purposes.  
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Survey	  Locations	  
 
Name Start of Line End of Line Notes 
TL-1 57° 58’ 31.1” 

131° 34’ 43.3” 
57° 58’ 29.9” 
131° 34’ 38.6” 

Just behind camp 
beside small 
“bridge” 

TL-2 57° 58’ 32.4” 
131° 34’ 42.5” 

57° 58’ 31.1” 
131° 34’ 42.3” 

Perpendicular to 
TL-1, crosses line 
 

TL-3 57° 58’ 19.6” 
131° 34’ 52.5” 

57° 58’ 22.3” 
131° 34’ 53.3” 

Edge of lake, 
potential spawning 
pond 

TL-4 57° 58’ 20.5” 
131° 34’ 54.5” 

57° 58’ 20.6” 
131° 34’ 51.9” 

Perpendicular to 
TL-3 
 

TL-5 57° 58’ 27.1” 
131° 36’ 19.2” 

57° 58’ 28.4” 
131° 36’ 14.1” 

Main spawning 
grounds, up on hill 
 

TL-6 57° 58’ 10.0” 
131° 34’ 45.5” 

57° 58’ 10.7” 
131° 34’ 43.8” 

Lake shore, further 
from camp then 
TL-4 

TL-7 57° 58’ 10.3” 
131° 34’ 44.6” 

57° 58’ 07.9” 
131° 34’ 42.3” 

Perpendicular to 
TL-6 
 

TL-8 57° 58’ 32.3” 
131° 34’ 47.2” 

57° 58’ 30.8” 
131° 34’ 51.7” 

At camp from 
bedrock toward 
boat launch 

TL-9 57° 58’ 28.4” 
131° 34’ 38.1” 

57° 58’ 29.2” 
131° 34’ 47.3” 

Over pit house 
 
 

Table	  1–	  GPS	  Co-ordinates	  of	  Survey	  Locations	  	  
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Maps	  of	  Geophysical	  Surveys	  
 

 
Figure	  2–	  Camp	  Area	  

 

 
Figure	  3–	  Spawning	  Area	  
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Figure	  4–	  Lake	  Area	  
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Resistivity	  Tomograms	  
 

 
Figure	  5–	  Geophysics	  Survey	  TL-1	  

This survey extends from West to East up the trail behind camp. It shows an 
undulating contact with granitic bedrock at 6-12 m depth. The undulation is 
consistent with heavily glaciated granite. Above bedrock is a layer of saturated 
sand and gravel. Drier sands and gravels are present from 2-4.5 m in depth. 
Damp sand is present from the surface to approximately 2 m depth. This has 
several saturated areas, which are likely in-filled creek channels. It is likely that 
there is a thin layer of basal till directly above bedrock. 
 

 
Figure	  6–	  Geophysics	  Survey	  TL-2	  

This survey crosses TL-1 perpendicularly at its midpoint. It runs from the base of 
slope of the hillside behind camp into the alluvial fan which makes up the majority 
of terrain to the east of camp. This hillside has granitic outcrop, which agrees well 
with the granitic bedrock contact seen in TL-1 and TL-2.  Bedrock contact is very 
close (1-2 m) to the surface at the start of the survey, then rapidly drops to 7-8 m 
depths. It remains at approximately 7 m depth before dropping off again at the 
end of the survey to 12 -13 m depths. This drop off may also be an artifact of the 
software post-processing of the image.  
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A 2-3 m thick layer of saturated sands and gravels is present overtop of bedrock 
across the survey. Drier or coarser sands and gravels are present from the 
surface to 3 m depths across the survey, interrupted by saturated in-filled creek 
channels.   
 

 
Figure	  7–	  Geophysics	  Survey	  TL-3	  

This survey runs south to north parallel to the lakeshore south of camp. A 
bedrock contact approximately rises from 15 m depths in the south to 5 m depths 
in the north across the image. This appears to be a metasedimentary bedrock, 
which agrees with local geological maps showing a contact between granite and 
medasedimentary bedrock in the area. A layer of saturated sand and gravel sits 
overtop of bedrock, extending to the surface on the north end of the survey and 
to 3-4 m depths on the south end of the survey. On the south end of the survey 
there is an area of drier sand and gravel (possibly abandoned channel 
sediments) overtop of the saturated material. 
 

 
Figure	  8–	  Geophysics	  Survey	  TL-4	  

This survey runs west to east, starting near the lakeshore and extending 
perpendicularly across TL-3 into the forest to the east. It shows similar 
stratigraphy to TL-3, with a metasedimentary bedrock at 12 m depth near the 
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lakeshore, which rises to 7-8 m depths further inland. A thin layer of basal till may 
be present just above bedrock. A saturated sand and gravel aquifer 4-5 m thick is 
present across the survey, capped with a drier, more resistive confining layer 2-3 
m in thickness just below the surface. Surface saturation 1-2 m thick is related to 
swampy conditions in the area. Surface water may be separated from the deeper 
aquifer by a less permeable silt layer.  
 

 
Figure	  9–	  Geophysics	  Survey	  TL-5	  

This survey extends from west to east across the top of the gravel bank at the 
lake spawning area and old fish camp. A coarse dry gravel bank approximately 8 
m high rises above the lake surface.  This layer of dry gravel shows itself as a 
red, high-resistivity region at the top of the image. A sharp contrast with a blue, 
low resistivity region at lake level shows the location of the water table. This 
aquifer extends to 20 m depths, is extremely saturated and sits on top of a layer 
of basal till or extremely compact gravels (green region) overlying 
metasedimentary bedrock (orange) at 20-30 m depths. The basal till likely acts 
as a lower level aquaclude.  
 

 
Figure	  10–	  Geophysics	  Survey	  TL-6	  

This survey extends from the lakeshore into the forest on the southern end of the 
alluvial fan. It shows metasedimentary bedrock at 4-8 m depths capped with a 
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thin (1 m) layer of basal till. From the basal till to the surface are extremely 
saturated sands and gravels. A thin (1-2m) layer of silt may be present from the 
surface downwards. This silt layer was observed in the lakebed.  
 

 
Figure	  11–	  Geophysics	  Survey	  TL-7	  

This survey extends perpendicular to TL-6 and parallel to the lakeshore. It shows 
metasedimentary bedrock at 4-6 m depths. This is likely capped with a thin layer 
of basal till similar to TL-6, then is overlain by saturated sands and gravels. A 1-2 
m silt layer appears to be present at the surface, similar to TL-6. This may act as 
a semi-impermeable layer to the aquifer below.  
 

 
Figure	  12–	  Geophysics	  Survey	  TL-8	  

This survey extends from the granite bedrock outcrop to the north of camp, 
through camp and out to the float plane dock to the south. Coarse, dry gravels 
are present under camp, extending to a granite bedrock shelf 5 m below the 
surface. Bedrock drops sharply to 10 m depth and remains relatively level at 10 
m to the float plane dock at the edge of the lake. Saturated sands and gravels 
with a few isolated pockets of either dry or extremely coarse gravel are present 
from bedrock to the surface across the rest of the survey from 35 to 100 m on the 
horizontal scale. 
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Figure	  13	  -	  Survey	  TL-9	  

This survey extends from west to east over a historically dug pit in the alluvial fan 
to the east of camp. Granite bedrock is approximately 3 m deep at the east end 
of the survey, dropping to below 9 m at the west end. A saturated layer of sand 
and gravel 2-3 m in thickness is directly above bedrock, and is overlain by a less 
saturated layer of dry gravels 3-5 m in thickness, which extends to the surface. 
The shape and location of the drier gravels suggests a cross sectional view of in 
filled and abandoned alluvial fan creek channels.  A pit approximately 1.5 m deep 
at 35 m along the survey shows dry sands, gravels and cobbles.  
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Statement	  of	  Qualifications	  

James	  Coates	  
 
I, James Coates of 173-108 Elliott Street, Whitehorse, Yukon, Canada DO 
HEREBY CERTIFY THAT: 
 

1. I am a Consulting Geomorphologist with current address at 173-108 
Elliott Street, Whitehorse, Yukon, Canada, Y1A 6C4. 

2. I am a graduate of the University of Calgary (B.Sc., 2004, Geography) 
and the University of Ottawa (M.Sc., 2008, Geography) 

3. I have practiced my Profession as a Geomorphologist continuously 
since 2008. 

4. I am President and sole shareholder of Kryotek Arctic Innovation Inc., 
a Yukon Registered Company.  

 

Astrid	  Grawehr	  
 
I, Astrid Grawehr of 173-108 Elliott Street, Whitehorse, Yukon, Canada DO 
HEREBY CERTIFY THAT: 
 

1. I am a practicing geoscience technician with approximately 3,000 
hours of field experience. 

2. I am a geophysics technician with over 1,000 hours of field time 
conducting resistivity/IP surveys. 

3. I am a graduate of Bishop’s University (B.A. Geography, 2008). 
4. I am Director of Operations of Kryotek Arctic Innovation Inc. 
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Appendix B 

 
Background Field Data Summary 
(from Hydrologic Inc. 2014/2015) 

   











Table A1.  Hydraulic Conductivity Values (from Hydrologic Inc.)

Monitoring Well Test #
Hydraulic Conductivity (K) 

(m/s)
Average K value (m/s) Solution

TH14‐01 1 4.51 x 10 ‐5 Bouwer & Rice

2 6.65 x 10 ‐5 5.58 x 10 ‐5

TH14‐04 1 4.06 x 10 ‐4 Bouwer & Rice

2 3.49 x 10 ‐4

3 2.76 x 10 ‐4

4 3.81 x 10 ‐4 3.53 x 10 ‐4

Table A2.  July 24, 2014 Water Levels (from Hydrologic Inc.)

Monitoring Well
Top of Casing 

Elevation (m asl)
Ground Elevation (m asl)

Groundwater Elevation 

(m asl)

TH14‐01 813.82 812.82 812.65

TH14‐02 813 812.81 812.64

TH14‐03 813.08 812.77 812.64

TH14‐04 814.05 813.17 812.71

Old Observation Well 813.73 812.67

Tahltan Lake 812.58

Table A3.  July 2014 Water Quality Data (from Hydrologic Inc.)

Site DO% DO (mg/L) pH T Cond (sp) Cond (A) ORP

GW well Main Spawning area 32.7 3.9 7.24 3.98 274 165 242

Tahltan Lake  at wetland 93 8.4 8.14 16.9 224 189 192.3

Trib 2 (main aquifer recharge) 106.5 11.0 7.6 9.04 131 91 47



Table A4.  Tributary 2 Hydrometric and Cross Section Data (from Hydrologic Inc.)

Stn elev
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1.05 99.6 Toe

1.5 99.55
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2.3 99.24

2.5 99.26
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2.9 99.19

3.1 99.19

3.3 99.26

3.5 99.26

3.7 99.25

3.9 99.27

4.1 99.3

4.3 99.27 Notes: Large vertical exaggeration. Assumed datum.

4.5 99.28

4.7 99.26

4.9 99.28

5.1 99.33
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Appendix C 

 
HydroGeoSphere: A Three-Dimensional Integrated Surface 

and Subsurface Flow, Solute, and Thermal Energy Transport 
Simulator 
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Integrated Hydrologic Approaches and HydroGeoSphere (HGS) 
 

A diverse group of problems exists that requires quantification of the entire hydrologic cycle by 

integrated simulation of water flow and contaminant migration in the surface and subsurface regimes. 

Increased demand on limited resources for potable water and other purposes has driven the development 

of innovative management practices including water recycling, drainage water reuse for salt-tolerant 

crops, conjunctive use of surface and subsurface water resources, and artificial recharge of subsurface 

aquifers during wet periods. A quantification of available water within the hydrologic system and the 

impacts of withdrawals is essential for addressing these complex water supply issues. The complex cycle 

of irrigation; evaporation; infiltration; discharge to nearby lakes, rivers, and streams, and pumping needs 

to be quantified in these cases to resolve supply and demand issues. Concerns over drying and 

restoration of wetlands or the effects of subsurface water withdrawals on surface water features (which 

may fluctuate across land surface or layering features in an unsaturated zone) also require an integrated, 

fully-coupled analysis of the various flow regimes. Ecosystems of lakes, rivers, and bays depend on 

certain minimum flows as do hydropower generation, recreational use, and downstream water districts, 

states, and countries for their water needs. Regulating water use in hydraulically connected watershed 

and surficial aquifer systems necessitates an understanding of surface/subsurface water interactions and 

overall seasonal hydrologic cycle behavior. 

 

Since the early 1970s, there has been an evolution of hydrologic models for single-event and 

continuous simulations of rainfall-runoff processes. Earlier models quantify various hydrologic 

components using simplified procedures (including a unit hydrograph method, empirical formulas, system 

lumping, and analytical equations) that are incapable of describing flow physics and contaminant 

transport in any detail. In the past, numerical models based on complex multi-dimensional governing 

equations have not received much attention because of their computational, distributed input and 

parameter estimation requirements. Today, with the availability of powerful personal computers, efficient 

computational methods, and sophisticated GIS, remote sensing and advanced visualization tools, the 

hydrologic community is realizing the tremendous potential and utility of physically-based numerical 

simulators.  

 

The HydroGeoSphere (HGS) model (Aquanty, Inc., 2013a) is a three-dimensional control volume 

finite element simulator which is designed to simulate the entire terrestrial portion of the hydrologic cycle. 

It uses a globally-implicit approach to simultaneously solve the 2D diffusion wave equation and 3D form of 

Richard’s equation. It also dynamically integrates key components of the hydrologic cycle such as 

evaporation from bare soil and water bodies, vegetation-dependent transpiration with root uptake, 

snowmelt and soil freeze/thaw. As with the solution of the coupled water flow equations, HGS solves the 

contaminant transport and energy transport equations over the land surface and in the subsurface, thus 

allowing for surface/subsurface interactions. The HGS platform uses a robust and efficient nonlinear 

solver, and has been parallelized to utilize high performance computing facilities to address large-scale 

problems. 

 

2. Key Features and Formulations  

Overland Flow 
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In the HGS model, areal overland flow is represented by a two-dimensional depth-integrated flow 

equation which is the diffusion-wave approximation of the Saint Venant equation for surface water flow: 

  

o
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h
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where  is the depth of flow,  is the water surface elevation ( ), and  is the surface 

conductances that are changed with the friction slopes of the surface and is approximated by the 

Manning’s equation in x- and y- directions as: 
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where   and  are the Manning’s roughness coefficients and  is the direction of maximum surface-

water slope. The surface conductances  and  are complex functions of the dependent variables  

or  ( ), and the complex relationship makes the governing equation highly nonlinear. 

 

Groundwater Flow 

 
The modified form of Richards’ equation describing three-dimensional transient subsurface flow under 

variably-saturated conditions is given by: 

 r s wk h Q S
t


      


K  

where rk  is the relative permeability of the medium as a function of the water saturation wS  or the 

pressure head  , K  is the hydraulic conductivity tensor, h  is the total head as z   where z  is the 

elevation, s  is the saturated water content, Q  is an externally applied source or sink of water. The fluid 

exchange between the surface and subsurface is represented by  . The storage term can be expanded 

to account for both the change in storage in the saturated zone through compressibility effects and a 

change in saturation in the unsaturated zone (Cooley, 1971; Neuman, 1973): 

  w
s w w s s

Sh
S S S

t t t
   

 
  

 

where sS is the specific storage coefficient. The governing groundwater flow equation is highly nonlinear 

due to the nature of the constitutive relations between hydraulic head ( h ), saturation ( wS ), and relative 

permeability ( rk ), which is commonly described through expressions such as the van Genuchten (1980) 

or Brooks and Corey (1964) relations. 

 

Surface Water and Groundwater Interaction 
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Separate surface and subsurface flow models can be combined by explicitly coupling the variably-

saturated flow and the surface flow equations. In HGS, it is assumed that the two domains are separated 

by a thin boundary layer. Thus, Γ  in the governing flow equation represents a first-order exchange 

between subsurface and surface domains as follows:  

( ) ( ) /o r exch exch o exchk K h h l    

interf
interfoV A

dV dA      

where  is the relative permeability for fluid exchange,  is the surface/subsurface 

conductance, and  is the thickness of the interface layer between surface and subsurface domains. In 

the coupling equation, a positive Γ  indicates movement from the subsurface to the surface domain 
through the interface (A ). Note that the HGS model is referred to as a fully-integrated globally-implicit 

model, opposed to linked or iteratively coupled simulators because the governing equations are solved 

simultaneously with the above coupling equation. 

 

Canopy Interception and Evapotranspiration 

 
The HGS model simulates interception and evapotranspiration as mechanistic processes governed 

by plant and climate conditions as noted by Kristensen and Jensen (1975) and Wigmosta et al. (1994). 

Interception is the process involving retention of a certain amount of precipitation on the leaves, 

branches, and stems of vegetation or on buildings and structures in urban areas. The interception 

process is simulated by the bucket model, wherein precipitation in excess of interception storage and 

evaporation from interception reaches the ground surface. The interception storage varies between zero 

and int
MaxS , the interception storage capacity such that  

 

int int
MaxS c LAI  

 

where LAI is the dimensionless leaf area index and intc  is the canopy storage parameter. Note that LAI 

represents the cover of leaves over a unit area of ground surface, and may be prescribed in a time-

dependent manner.  

 

Evapotranspiration is rigorously modeled as a combination of plant transpiration and evaporation, and 

affects both surface and subsurface flow domains. Transpiration from vegetation occurs within the root 

zone of the subsurface which may be above or below the water table. The rate of transpiration ( pT ) is 

estimated using the following relationship that distributes the net capacity for transpiration among various 

factors (Kristensen and Jensen, 1975). 

 

1 2( ) ( ) [ ]p p canT f LAI f RDF E E   

where 1( )f LAI  is a function of leaf area index, 2( )f   is a function of nodal water content, RDF is the 

root distribution function, pE  is the potential evapotranspiration, and canE  is the canopy evaporation. The 

vegetation term is expressed as 
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1 2 1( ) max{0,min[1,( )]}f LAI C C LAI   

and the moisture content dependence term is expressed as 
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where 1C , 2C , and 3 / pC E  are dimensionless fitting parameters, fc  is the moisture content at field 

capacity, wp  is the moisture content at the wilting point, o  is the moisture content at the oxic limit, an  

is the moisture content at the anoxic. 

The evaporation mode used in HGS assumes that evaporation occurs along with transpiration, 

resulting from energy that penetrates the vegetation cover and is expressed as 

 
*

1( )[1 ( )]s p canE E E f LAI EDF    

 

where *  is a wetness factor given by 
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where 1e  is the moisture content at the end of the energy limiting stage (above which full evaporation 

can occur) and 2e  is the limiting moisture content below unity which evaporation is zero. The equation 

expresses the moisture availability term for the subsurface domain. For the overland flow domain, *  is 

calculated as varying between unity when the elevation of flow is at or above depression storage and 

zero for a flow elevation at the land surface, thus representing the reduced evaporative area of available 

water in the overland flow domain within the depressions. The term EDF is the evaporation distribution 

function that includes the overland and subsurface flow domains. It is assumed that the capacity for 

evaporation decreases with depth below the surface due to the reduction of energy penetration in the soil.  

 

Snowmelt and Porewater Freezing and Thawing 

 
In order to consider both solid and liquid phases of water in the surface flow domain, the governing 

overland flow equation needs to be expanded to include both water and snow mass ( w wd  and 
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snow snowd ). The solid phase snow is assumed to be immobile and the mass balance of the total water is 

formulated as the following: 

( ) ( )o o
w w snow snow w m w ox w m w oy w ex w o snow snow

h h
d d k d K k d K Q Q

t x x y y
       

     
                  

 

where snowQ  and   represent the rates of snow precipitation and sublimation per unit surface area. The 

depth of snow is determined by the rates of snow precipitation, sublimation, and melting (always sink) 

which is caused by temperature change. 

( ) ( )snow snow snow snow air thresholdd Q T T
t
   

   


 

where the depth of snow is always positive and the rate of melting is assumed to be proportional to a 
melting constant ( ) and the difference between air temperature ( airT ) and threshold temperature (

thresholdT ) when air thresholdT T . 

By combining the total water balance equation with the snow balance equation, HGS solves the 

balance equation for the liquid phase water. 

( ) o o
w w w m w ox w m w oy w ex w o snow melt

h h
d k d K k d K Q Q

t x x y y
     

     
                

 

When the liquid phase of porewater can be transformed into the solid phase ice (freezing) or vice 
versa (melting), the total mass of water in the subsurface system is w s w ice s iceS S     where the 

subscript ice  represents the solid phase ice. The ice is assumed to be immobile and thus, the balance of 

the total water mass can be described by the following equation: 

( )w s w ice s ice w w wS S Q
t
     

    


q  

The partitioning of water between solid and liquid phases is assumed to be determined by the 

temperature (which is a function of time at a given point) such that 

f pmice ice

w w ice ice f m

T TS

S S T T




 

 
 
   

 when m pm fT T T   

where mT  and fT  are the melting and freezing temperatures. A simple one-dimensional analytical model 

is employed in HGS to determine the vertical temperature distribution of bulk porous medium 

( )
( ) pm pm b

pm b
pm

k T T
T T

t z c z

      
    

 

where pmk  and pmc  are the bulk thermal conductivity and heat capacity, respectively and it is assumed 

that the temperature at depth is given as bT  and the surface temperature is same as the atmospheric 

temperature ( atmT ). The analytical solution of the equation is given as follows: 

0

( )( , ) [ ]
4 4 ( )

t
atm

pm b

Tz z
T z t T erfc d

t




  


 

   

where the thermal diffusivity of bulk porous medium   is defined as /pm pmk c . 

Solute Transport  
In HGS, three-dimensional transport of solutes in a variably-saturated porous matrix is described by 

the following advection-dispersion equation: 
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( ) [ ] ( )m o w m o w par ex c m o w o ww C S C w S R C Q w S RC S R C
t

                
q D  

where C is the solute concentration of the current species amongst possibly multiple species and   is a 

first-order decay constant. The subscript par designates parent species for the case of a decay chain. For 

the case of a straight decay chain, there is only one parent species, as might be the case for a radioactive 

decay chain; however, for degrading organic species, a particular species may have several parent 

sources through a complex degradation process. Solute exchange with the outside of the simulation 

domain, as specified from boundary conditions, is represented by Qc  which represents a source (positive) 

or a sink (negative) to the system. The dimensionless retardation factor, R, is given as: 

1 b

s w

R K
S




   

where b  is the bulk density of the porous medium and K' is the equilibrium distribution coefficient 

describing a linear Freundlich adsorption isotherm. Note that for variably-saturated conditions, the water 

saturation appears in the definition of R. ex  represents the mass exchange rate of solutes per unit 

volume between the subsurface domain and all other types of domains supported by the model. 

Currently, these additional domains are surface, wells, tile drains, discrete fractures, immobile second 

continuum and mobile dual continuum.  

The equation for two-dimensional transport of solutes along the surface domain is written as 

( ) [ ] ( )o o o o o o o o o o par o o o o o o o o o o oC d C d R C d d R C d R C
t

      
       


q D  

where oC  is the concentration in water on the surface domain, oD  is the hydrodynamic dispersion tensor 

of the surface flow domain and   is the vertically integrated two-dimensional gradient operator. An 

expression similar to the equation used for a two-dimensional fracture is used to represent the dispersion 

coefficient oD  and the retardation factor oR . 

Solute exchange between surface and subsurface o od   is calculated by advective-dispersive 

equation: 

     o o o o o ototal adv disp
d d d      

Advective solute exchange flux is computed from fluid exchange flux and upstream concentration and 

dispersive flux is accounted for by one-dimensional mechanical dispersion and diffusion. 

   o o o o upadv
d d C    
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 and   ( ) ( )free ex ex
o o o o ex odisp

ex

D S
d d C C

l

 
      

where ex  is the exchange dispersivity, ex  and exS  are the geometric mean for surface and subsurface 

porosities and saturations, respectively,   is the subsurface tortuosity, and exl  is the effective mass 

transfer scale which represents the dimension of an interface layer. In HGS, dispersive flux can be 

optionally neglected if it is considered to be much smaller than advective flux. 

Thermal Energy Transport 
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The equation describing thermal energy transport in the unsaturated zone is similar to that for the 

saturated zone, with the inclusion of a saturation term in the bulk transport parameters. The general 

equation for variably-saturated subsurface thermal energy transport following Molson et al. [1992] is given 

by: 

Ω  

where ρ is the density, c is the heat capacity, T is the temperature, t is time, q is the Darcy flux in the 

subsurface, kb is the bulk thermal conductivity term, D is the dispersion term, QT is a source sink and Ωo is 

the surface/subsurface interaction term, which will be discussed in a following section. The subscript b 

denotes a bulk term, whereas w represents the aqueous phase.  

The surface water thermal energy transport equation is similar to the surface water contaminant 

transport equation.  The equation used for surface water thermal transport is given by: 

Ω  

where h is the elevation of the surface water, d is the depth of flow, and the subscript o denotes overland 

flow. The inclusion of atmospheric thermal inputs ( ) is necessary to properly simulate the surface and 

subsurface thermal regimes. Currently the atmospheric inputs from CLASS (Verseghy, 1991) are used to 

determine the surface heat fluxes in HydroGeoSphere. The atmospheric input included in 

HydroGeoSphere has four components, shortwave radiation (K*), longwave radiation (L*), sensible heat 

flux (QH) and latent heat flux (QE).  The sum of these components represents the atmospheric input to 

the surface thermal energy system.  

E K∗ L∗ Q Q  

The coupling of the surface and subsurface thermal continua is similar to that used for advective-

dispersive contaminant transport in HydroGeoSphere. There are two methods of coupling the surface and 

subsurface continua, the common node and the dual node approach. The common node approach is 

based on superposition where continuity of thermal energy is assumed between the two domains 

concerned, which correspond to instantaneous equilibrium between the two domains. The dual node 

approach does not assume continuity of thermal energy between two domains but uses a first-order flux 

relation to transfer heat from one domain to the other. The equation for the dual-node coupling of the 

surface and subsurface thermal equations is given by: 
Ω ρ c T Γ α ρ c T T  

Where Γo represents the aqueous exchange flux between the surface and subsurface (the amount of 

water flowing between the two regimes), and α is an energy transfer coefficient. 

 

3. Numerical Methods 

Control Volume Finite Element Method  

 
The control volume finite element (CVFE) method is based on the concept of combining the finite 

element and finite difference methods. Specifically, the CVFE method takes advantage of the finite 

element method, which is computationally efficient and geometrically flexible, and the cell-centered finite 

difference method, which has continuous interfacial fluxes across the element interfaces and thus, the 

fluid mass in each single local element is conserved. For the discretization of the variably-saturated flow 

equation, the finite element method uses a weighted residual method combined with a trial solution (  and 

) to solve for unknown nodal values of head and saturation within a domain . The final form of 

discretized equation for surface and subsurface flow is as follows: 
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where the control area and control volume associated with surface node oi and subsurface node i is 

defined as  

oi oia N dA  and i iv N dv   

 

and  1/2( )   t t t t t t
oioj oioj o j oih h   

   and 1 1 1
1/2( ) ( )L L L

ij ij j ih h   
   represent the surface and subsurface 

flux from node oj to oi and from j to i, respectively. The fluid exchange terms Γ  and Γ  are given 

as 

 

, / ,  

 

where the dual nodes oi and i represent surface and subsurface nodes, respectively.  

 

The discretized equation presented above is independent of the choice of element type. Of the 

numerous types of three-dimensional elements that can be used to discretize the porous blocks, both 8-

node rectangular block elements (Huyakorn et al., 1986) and 6-node prism elements are implemented 

here.  The user also has the option of subdividing rectangular block or prism elements into 4-node 

tetrahedral elements, which permits the discretization of highly irregular domains. The two-dimensional 

fracture planes and the surface flow are discretized using either rectangular or triangular elements 

(Huyakorn et al., 1984). This choice of simple elements allows use of the influence coefficient technique 

(Huyakorn et al., 1984) to analytically evaluate the integrals appearing in finite element discretization in 

an efficient manner. 

 

Newton-Raphson Successive Linearization 

 
One of the challenges of simulating integrated surface-subsurface flow is to solve the nonlinear 

discrete equations. Specifically, the discrete mass balance equations for surface-subsurface flow become 
nonlinear because the terms  and  for subsurface flow and  and  for surface 

flow are nonlinear functions of the dependent variables  and , respectively. To linearize the discrete 

equations, the HGS model applies the Newton-Raphson (NR) iterative method. In the NR procedure for 

subsurface flow, the residual value at each NR iteration level L can be defined as: 
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where  represents the residual for node i at the iteration level L. To minimize the residual for a given 

, ∈ , a Taylor expansion technique is used such that 
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HGS uses numerical differentiation to construct the Jacobian matrix [Forsyth and Simpson, 1991]. 

With a Jacobian matrix being defined as 
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a set of linearized discrete equations can be obtained to update the dependent variables such that 
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A similar procedure can be applied to linearize the surface flow equation, with the residual for a surface 

node oi given as  
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Convergence is assumed to be achieved when either 
1max L

i
i

R 
 or 

,max t t L
i

i
h   becomes smaller than 

pre-specified convergence criteria. 

 

Adaptive Time Stepping/Sub-Time Stepping 

 
For transient integrated surface and subsurface simulations, HGS uses an adaptive time stepping 

strategy to optimize the computational cost for a given tolerance controlling the simulation accuracy. In 

this adaptive time stepping approach, the time step size is determined by the maximum nodal change in 

the hydraulic head, saturation, water depth, and/or concentration from the previous time step such that 
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where Lt  and 1Lt   are the time step sizes used in the previous and current time marching levels, 

allowedt  is a given tolerance in head (saturation, depth,  concentration, or the number of NR iterations), 

and max( )L
j

j
h  is the maximum nodal change in the previous time step with given Lt . 

 

Sub-time stepping in HGS is a fully-implicit numerical strategy that applies different time step sizes to 

one or more sub-domains with each having different accuracy requirements. By applying smaller sub-time 

steps to the sub-domains with relatively rapid responses and utilizing larger time steps in the remainder of 

the domain, the accuracy requirement is satisfied in the entire domain with minimal temporal over-

discretization. This approach is most suitable for problems where the system response is high in only a 

small portion of the computational domain such as in integrated surface and subsurface simulations. In an 

implicit sub-time stepping procedure, the global time step size ( 1Lt  ), the number of sub-timed nodes (

sn ), and the number of sub-time steps ( M ) can be determined from the previous time step results such 

that 

z
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 and  max
s st t

allowed allowedh M h     

where 
t

allowedh  and st
allowedh  are prescribed accuracy tolerance that are defined as the maximum allowed 

nodal change during a global time step t  and sub-time step st , maxM  is the maximum number of 

sub-time steps, and a node j is sub-timed when st
j allowedh h   . Sub-time stepping becomes most 

efficient when ( 1)sn M   is small compared to the number of nodes and thus a larger maxM  does not 

necessarily guarantee higher efficiency. 

 

Parallel High Performance Computing using OpenMP 

 
The main numerical tasks for the integrated surface-subsurface flow and transport simulators can be 

divided into initialization, simulation time looping, and finalization. For initialization, it reads the 

discretization information and the initial and boundary conditions and initializes the simulation variables 

and time loops. During time looping, the model repeatedly solves water flow, solute and heat transport at 

each current time step based on the results from the previous time step until it reaches the final target 

time. Analysis of computational cost in integrated hydrologic simulations indicates that more than 90 % of 

the total computing time is consumed by the tasks that deal with a system of linear equations (matrix 

assembly and matrix solution) for most of the cases.  

 

When the Jacobian matrix is assembled in parallel, communications among threads are not required 

and each thread can work independently. However, an appropriate scheduling is necessary because the 

parallel matrix assembly can cause data racing conditions. Specifically, the racing conditions in matrix 

assembly occur when values computed by threads are simultaneously updated to one matrix entry that is 

shared by two or more threads. Thus, a static scheduling that avoids the conditions is applied to HGS.  
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The matrix solver used in HGS (BiCGSTAB) consists of four operational components: forward and 

backward substitutions (or LUs), dot products (DPs), and matrix-vector (MVs) and scalar-vector (SVs) 

multiplications: LU solve takes more than 50 % of total solver computing time and thus the efficiency of 

parallel matrix solver is highly dependent on the efficiency of parallel LU solution and the other operations 

(DPs, MVs, and SVs) are straightforward to be parallelized due to the data independency. The 

parallelization of preconditioned BiCGSTAB uses two schemes: a multiblocking scheme with coordinate 

nested dissection and a privatization scheme. For the multiblocking scheme, nodes consisting of a 

simulation domain are reordered for dissecting a simulation domain with the number of CPUs applied. In 

the multiblocking method, each of the computing processors can perform computational tasks for each of 

the smaller sub-domains. The privatization scheme was implemented for reducing competitions among 

CPUs when CPUs access to shared memory locations. The process of privatization scheme is to chop 

the matrix and arrays used in the matrix solving to fit with the computing for each CPU and to designate 

all the variables as private in the parallel loop. 
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