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Abstract 

Crawford Lake, Ontario, and Old Crow Flats, Yukon, provide two unique locations to 

study interacting hydrological components and the effects of climate and anthropogenically-

induced landscape changes on local hydrology, geochemistry, and limnology. Crawford Lake is 

a small meromictic lake near the Niagara Escarpment, whose bathymetry and wind-protected 

shores impede seasonal turnover, maintaining density stratification across the chemocline. 

Chemical and isotopic analysis identified a dense, highly conductive groundwater-fed 

monimolimnion permanently isolated from a less dense, more dilute mixolimnion. High 

concentrations of dissolved oxygen were measured in the monimolimnion year-round, with oxic 

conditions maintained by groundwater seeping through hydraulically conductive units in Silurian 

dolostones of the Lockport Group. This hydrologic setting facilitates the accumulation of varves 

below the chemocline where the lack of bioturbation is attributed to the saline, alkaline, and 

isolated nature of the monimolimnion, allowing the undisturbed laminations to provide an 

annually resolvable chronology of local and global anthropogenic impact. 

  

The Old Crow Flats (OCF) is a remote Arctic wetland that holds over 8700 shallow 

thermokarst lakes and drain a 14,000 km2 headwater basin via the Old Crow– Porcupine – 

Yukon River system. OCF is the traditional territory of the Vuntut Gwitchin First Nations who 

have observed widespread climate-induced landscape changes, including shoreline permafrost 

slumping, rapid thermokarst lake drainage, shrub encroachment, water level changes, and forest 

fires. Long-term analysis (2007 –2009 and 2015 – 2019 CE) of the hydrological response to 

these landscape changes have shown trends of increasing connectivity between the perched lakes 

and incised rivers, increased seasonal runoff contributions, and altered water chemistry. Analysis 



 

of geochemical records sampled from 24 river stations allowed for the rapidly changing 

contributions of the hydrological endmembers over time (including precipitation, permafrost 

thaw, lake water, etc.) to be tracked and cross-referenced with the observed climate-induced 

landscape changes and regional headwater geology.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Acknowledgements 

I would like to thank my supervisors Profs. Francine McCarthy, Kevin Turner, and Martin Head 

for their help and guidance during my graduate journey. I am grateful to Francine McCarthy for 

her endless dedication and support throughout my thesis work, and for initially granting me the 

opportunity to visit and be inspired by the research at Crawford Lake as an undergraduate 

student. Without her help and motivation this thesis would not have been possible. Thank you to 

Kevin Turner for introducing me to Old Crow Flats, a landscape that I was not physically able to 

visit but feel like I know so well. Thank you for introducing me to the world of stable water 

isotope, permafrost, and thermokarst science, and for all your help along the way. Thank you to 

Martin Head, former ICS Chair of the Subcommission on the Quaternary, for first drawing 

attention to Crawford Lake as a potential GSSP for the Anthropocene Epoch, facilitating the 

need for my research contributions. I am extremely grateful to Dr. Mike MacKinnon and Prof. 

Uwe Brand for sharing their geoscience knowledge and assisting me during my graduate 

research. Thank you to Abigail Burt from the Ontario Geological Survey for acting as my 

external examiner, and for dedicating so much time and effort into making the final thesis the 

best possible product it could be. Thank you to fellow students, A. Heyde, A. Krueger, P.M. 

Pilkington and A. Alderson, Brock U. for assistance in the field and the lab, and to M. Lozon, 

Brock U., for assistance with drafting the figures included in this thesis. I would like to 

acknowledge funding from Haus der Kulturen der Welt and Kulturveranstaltungen des Bundes in 

Berlin, and NSERC Discovery Grants to F. McCarthy, K. Turner, and M. Head. Thank you to 

Conservation Halton for their support during our research, and for taking care of Crawford Lake. 

Finally, I would like to thank my amazing parents, my partner Jackie, and my friends for their 

endless support, patience, and belief in me throughout this demanding process. 



 

Table of Contents  

CHAPTER 1 .................................................................................................................................. 1 

1.1 Introduction ............................................................................................................................. 1 

1.1.1 Previous Research .............................................................................................................. 2 

1.1.1.2 Implications for the Anthropocene Global boundary Stratotype Section and Point 

(GSSP) .................................................................................................................................... 5 

1.2 Objectives ................................................................................................................................. 8 

1.3 Format ...................................................................................................................................... 8 

CHAPTER 2 BACKGROUND INFORMATION ON STUDY SITES ................................. 11 

2.1 The geological, hydrogeological, and limnological setting of Crawford Lake ................ 11 

2.1.1 Regional Bedrock Geology .............................................................................................. 14 

2.1.2 Surficial Geology ............................................................................................................. 18 

2.1.3 Regional Hydrogeology ................................................................................................... 20 

2.1.4 Background Limnology ................................................................................................... 21 

2.1.4.1 Groundwater Flow in Meromictic Lakes .................................................................. 25 

2.2 Investigations of Crawford Lake in this thesis ................................................................... 26 

2.3 The Geomorphology and Geology of the Old Crow Flats ................................................. 28 

2.3.1 Bedrock Geology of the Old Crow Flats and Surrounding Ranges ................................. 30 

2.3.2 Geomorphology and Surficial Geology of the Old Crow Flats ....................................... 31 

CHAPTER 3 DETAILED FIELD & LABORATORY METHODS IN THE STUDY OF 

CRAWFORD LAKE .................................................................................................................. 36 

3.1 Scope of this study ................................................................................................................. 36 

3.2 Water Sampling & Physical Profile Collection .................................................................. 37 



 

3.3 Isotope Analysis Preparation ............................................................................................... 43 

3.4 Dissolved Organic Carbon (DOC) and Dissolved Inorganic Carbon (DIC) Sampling 

and Analysis ................................................................................................................................. 45 

3.5 Langelier Saturation Index Calculations ............................................................................ 46 

3.6 Calculating the Volume of Crawford Lake and Various Depth Intervals ...................... 48 

3.7 Delineating the Watershed of Crawford Lake ................................................................... 50 

3.8 Research at Old Crow Flats ................................................................................................. 52 

CHAPTER 4 SATURATED, STABLE, AND STRATIFIED: GROUNDWATER–

SURFACE WATER INTERACTIONS PRODUCING A RARE OXYGENATED 

MONIMOLIMNION IN THE MEROMICTIC CRAWFORD LAKE ................................. 53 

4.1 Introduction ........................................................................................................................... 53 

4.2 Materials and methods ......................................................................................................... 57 

4.3 Results .................................................................................................................................... 60 

4.3.1 Physical monitoring of Crawford Lake ............................................................................ 60 

4.3.1.1 Temperature (°C) ...................................................................................................... 62 

4.3.1.2 Conductivity (µS/cm) ............................................................................................... 64 

4.3.1.3 Dissolved Oxygen (mg/L) ......................................................................................... 66 

4.3.1.4 pH .............................................................................................................................. 69 

4.3.1.5 Major Ions and Nutrients .......................................................................................... 70 

4.3.2 Crawford Lake surface water recharge and discharge ..................................................... 72 

4.3.3 Stable Water Isotopes (δ2H, δ18O) ................................................................................... 75 

4.4 Discussion .............................................................................................................................. 78 

4.4.1 Assessing the relative importance of meteoric, surface, and groundwater to Crawford 

Lake ........................................................................................................................................... 78 



 

4.4.2 Comparing the chemistry of Crawford Lake with that of a regional groundwater database

................................................................................................................................................... 85 

4.4.3 The unusual oxygenated monimolimnion of Crawford Lake and its implications .......... 95 

4.5 Summary and conclusions .................................................................................................... 97 

CHAPTER 5 VARVE FORMATION IN CRAWFORD LAKE: IMPLICATIONS FOR 

DEFINING THE ANTHROPOCENE ...................................................................................... 98 

5.1 Introduction- the varved sequence of Crawford Lake ...................................................... 98 

5.2 Methods ................................................................................................................................ 105 

5.2.1 Physical and Chemical Monitoring ................................................................................ 105 

5.2.2 Langelier Saturation Index and Lake Volume Calculations .......................................... 106 

5.3 Results .................................................................................................................................. 108 

5.3.1 Langelier Saturation Index Results ................................................................................ 113 

5.3.2 Bathymetric Profiles and Volume Calculation .............................................................. 114 

5.3.3 Microscopic Analysis of Sediment Trap Samples and a Deep Basin Varved Couplet . 116 

5.4 Discussion ............................................................................................................................ 124 

5.4.1 Deposition of Varve Couplets ........................................................................................ 124 

5.4.2 Precipitation and sedimentation of calcite crystals- implications for varve chronology 127 

5.5 Conclusions .......................................................................................................................... 139 

CHAPTER 6 THE HYDROLOGICAL AND ISOTOPIC RESPONSE OF 

DOWNSTREAM ENVIRONMENTS TO THE CLIMATE-INDUCED LANDSCAPE AND 

METEOROLOGICAL CHANGES BEING EXPERIENCED IN OLD CROW FLATS, 

YUKON ...................................................................................................................................... 141 

6.1 Introduction ......................................................................................................................... 141 

6.1.1 Study Site ....................................................................................................................... 153 

6.1.1.1 Bedrock Geology .................................................................................................... 155 



 

6.1.1.2 Surficial Geology .................................................................................................... 160 

6.1.1.3 General geochemistry and minerology of OCF and the mountains ranges ............ 163 

6.1.1.4 Land cover of OCF ................................................................................................. 164 

6.2 Methods ................................................................................................................................ 165 

6.3 Results .................................................................................................................................. 169 

6.3.1 Isotope Hydrology of Old Crow River Headwaters ...................................................... 171 

6.3.2 Isotope hydrology of the downstream segments in OCF ............................................... 174 

6.3.3 Principal Component Analysis on Ion and Nutrient Chemistry .................................... 176 

6.3.3.1 Headwater Ion and Nutrient Chemistry .................................................................. 179 

6.3.3.2 The Downstream Movement of Ion and Nutrient Chemistry in the Tributaries of the 

Old Crow River ................................................................................................................... 181 

6.3.3.3 The Influence of the Converging Tributaries on the Ion and Nutrient Chemistry 

Downstream in the Old Crow River ................................................................................... 183 

6.3.3.4 The Influence of the Old Crow River on the Chemistry of the Porcupine River ... 188 

6.4 Discussion ............................................................................................................................ 189 

6.5 Conclusion ........................................................................................................................... 196 

CHAPTER 7: CONCLUSIONS .............................................................................................. 198 

REFERENCES .......................................................................................................................... 202 

APPENDICES ........................................................................................................................... 226 

Appendix A: Raw Hydrological, Geochemical, and Hydrogeological Data from Crawford 

Lake ............................................................................................................................................ 226 

Appendix B: Raw Data and Conversion Charts for Langelier Saturation Index 

Calculations ............................................................................................................................... 241 

Appendix C: Sediment Trap and 1935 Varve Microscope Analysis .................................... 244 



 

Appendix D: Climate Normals and Historical Climate Data ............................................... 248 

Appendix E: Legend Required for the Bedrock Geology Map of the Yukon ..................... 252 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

List of Tables  

Table 1.1 Radiocarbon results, 2 – 4-year varve ‘bundles’ from freeze core CRW19-2FT-B2, 

collected in February 2019, performed at the Andre Lalonde Laboratory, University of Ottawa. 

Calibration was performed using OxCal v4.3 (Bronk Ramsey 2009) and the IntCal13 (Reimer et 

al. 2013) and Bomb13NH1 (Hua et al. 2013) calibration curves. Material codes are described in 

Crann et al. (2017). Note: cal BP refers to calibrated years before AD 1950. Shading identifies 

samples dating younger than the varve age due to ‘bomb effect’, the production of radiocarbon in 

the upper atmosphere from above-ground thermonuclear testing.  Bulk samples of lacustrine 

sediment deposited in this karstic basin of Silurian dolomite before 1950 incorporate large ‘old 

carbon’ errors.  

Table 3.1 List of sampling dates and the type of analysis done at Crawford Lake including 

physical parameter monitoring (Horiba), sampling for chemical analysis, and for stable water 

isotopes. Also included in the table is the seasonal method of sampling including by boat or 

using the ice coverage as seen in Figure 3.2. Chemical analysis was not performed in September 

of 2021 as this was completed during September of 2019 and 2020. 

 

Table 4.1. Summary table of temporal and depth variation in physicochemical parameters 

measured in Crawford Lake between August 2018 and September 2021. Complete dataset 

available in Appendix A, Tables A.1-4. Box and Whisker plots displaying these trends are also 

provided in Appendix A, Figure A.1. 

 

Table 4.2. Interannual variation in mean monthly measurements of water temperature through 

the water column of Crawford Lake. Complete dataset available in Appendix A, Table A.1, 

along with Box and Whisker plots summarizing these trends available in Appendix A, Figure 

A.2.  

 

Table 4.3. Interannual variation in mean monthly measurements of electrical conductivity 

through the water column of Crawford Lake. Complete dataset available in Appendix A, Table 



 

A.1, along with Box and Whisker plots summarizing these trends available in Appendix A, 

Figure A.2. 

 

Table 4.4. Interannual variation in mean monthly measurements of dissolved oxygen 

concentration through the water column of Crawford Lake. Complete dataset available in 

Appendix A, Table A.1, along with Box and Whisker plots summarizing these trends available in 

Appendix A, Figure A.2. 

 

Table 4.5. Interannual variation in mean monthly measurements of pH through the water column 

of Crawford Lake. Complete dataset available in Appendix A, Table A.1, along with Box and 

Whisker plots summarizing these trends available in Appendix A, Figure A.2. 

 

Table 4.6 Variation in mean concentration of chemical parameters sampled from the 

mixolimnion and monimolimnion of Crawford Lake. Complete dataset available in Appendix A, 

Table A.5, along with summary Box and Whisker plots available in Appendix A, Figure A.3. 

 

Table 4.7. Concentration of chemical parameters measured from the inlet, outlet, and spring of 

Crawford Lake. Complete dataset available in Appendix A.6. 

 

Table 4.8. The average value and range of temperature, DO concentration, pH, and conductivity 

monitored within the inlet, outlet, and spring of Crawford Lake. The recharge spring was only 

sampled on one occasion during the sampling timeline, taking place in August of 2020. 

 

Table 4.9 The sampling months included in the analysis for the inlet, recharge spring, and outlet 

averaged in Tables 4.7 and 4.8.  

 

Table 4.10. Average stable water isotope concentrations sampled within epilimnion, 

metalimnion, hypolimnion, and monimolimnion of Crawford Lake. Complete dataset available 

in Appendix A.7. 

 



 

Table 4.11. Average distribution of regional precipitation chemistry collected from the Headon 

Reservoir by Environment Canada (January 2018 – December 2019). Complete dataset available 

in Appendix A.8. 

 

Table 4.12. Average relative distribution and concentration of Crawford Lake’s mixolimnion, 

monimolimnion, and regional groundwater chemistry collected from the Provincial Groundwater 

Monitoring Network (2003–2018 or 2007–2018). The wells with a groundwater chemical 

signature similar to the majority of those included in the PGMN analysis are shaded in green, 

while those with unique variation are shaded in orange. Grey shading follows the colour scheme 

used throughout this thesis for the Crawford Lake water column. Complete dataset available in 

Appendix A.5 and A.10. 

 

Table 5.1 Summary of physical and chemical parameters required for LSI analysis sampled from 

Crawford Lake (temperature, pH, conductivity from February 2019 – September 2021; calcium 

and alkalinity from February 2019 to June 2021). A full suite of parameters collected during each 

sampling trip can be found in Appendix A, Tables A.1, 3–5. 

Table 5.2 Results of LSI calculations indicating the months and depths where calcite 

precipitation is predicted by higher pH (basic), warm temperatures, and elevated concentrations 

of calcium, conductivity, and alkalinity (i.e., yielding positive LSI values, shown here). The full 

suite of LSI calculations can be found in Appendix B, Table B.1. 

Table 5.3 Distribution of lake volume in 3-m intervals presented in Boyko’s (1973) chart.  

Table 6.1 Local isotopic ranges of δ18O and δ2H for hydrological endmembers as used in 

MacDonald et al., (2021). These endmember ranges were collected from waterisotopes.org; 

Bowen 2019. These endmembers have been included in the isotopic analysis of river samples 

seen in Figure 6.8.  

 

Table 6.2 A general description of the bedrock and surficial geology, the formations, typical 

mineralogy, and inferred ionic content across the OCF and surrounding mountain ranges. The 

location where these units outcrop, and the ages of these units is also included. This information 



 

was gathered using Figure 6.5, and the accompanying legend found in the Appendix E (Colpron 

et al., 2016). 

 

Table A.1 Raw temperature data with colour gradient displaying the epilimnion, metalimnion, 

hypolimnion, and monimolimnion. Values in boldface indicate the highest and lowest values. 

 

Table A.2 Raw dissolved oxygen data with colour gradient displaying the epilimnion, 

metalimnion, hypolimnion, and monimolimnion. Values in boldface indicate the highest and 

lowest values.  

 

Table A.3 Raw pH data with colour gradient displaying the epilimnion, metalimnion, 

hypolimnion, and monimolimnion. Values in boldface indicate the highest and lowest values. 

 

Table A.4 Raw conductivity data with colour gradient displaying the mixolimnion and 

monimolimnion. Values in boldface indicate the highest and lowest values. 

 

Table A.5 Raw monthly chemistry data for the parameters displayed in depth profiles. A June 

2020 sample found at 22 meters was excluded from analysis (remained in Figures) due to a 

clearly corrupted sampling (displayed opposite trend in every parameter – likely the result of 

grabbing a shallower sample). Averages for samples under detection limit used a consistent 

value, half of the specific detection limit. 

 

Table A.6 Chemical and physical data summarized from the surface, inlet, spring, outlet, and 

regional rainwater data collected. Shallow depth at the spring made it difficult to sample physical 

parameters using the Horiba multiprobe. The Horiba was not implemented in May of 2020 for 

either surface or inlet/outlet monitoring. Rainwater and snowmelt data from the Headon 

Reservoir did not include physical parameters of alkalinity. 

 

Table A.7 Stable water isotope values collected in November 2019, February 2019, and July 

2020 along with mixolimnion and monimolimnion sampling averages. 

 



 

Table A.8 Precipitation chemistry data sampled from the Headon Reservoir and provided by 

Environment Canada between January 2018 and December 2019 (Environment Canada, 2019).  

 

Table A.9 DOC, DIC, and POC radiocarbon data collected from Crawford Lake on September 

11, 2020 and analysed at the Andre E. Lalonde AMS Laboratory at the University of Ottawa.  

 

Table A.10 Regional wells from the Provincial Groundwater Monitoring Network (PGMN) with 

matching wells indicated in green, and variable wells in red. 2016-2017 values from the Garden 

Lane Cemetery Site was excluded from analysis due to odd values highlighted in yellow. 

 

Table B.1 Dataset of parameters used for LSI calculations and the subsequent results from the 

calculations (pHs and LSI)  

Table B.2 Conversion factor for temperature required for LSI calculations 

Table B.3 Conversion factor for total dissolved solids required for LSI calculations.  

Table B.4 Conversion factor for calcium and alkalinity concentrations required for LSI 

calculations. 

Table D.1 Climate and precipitation data collected from Oakville TWN station during August 

2020 was compared to the LSI calculations that were monitored on August 20, 2020 and suggest 

that a large precipitation event (15.6 mm) on the 17th potentially decreased the epilimnion pH to 

values below the 7.76 threshold at 0 and 2 m (7.38 and 7.47 pH respectively; Appendix B.1). The 

Oakville TWN climate station is located ~ 15 km SE from Crawford Lake. 

 

Table D.2 Climate and precipitation data collected from Oakville TWN station during 

September 2019 was compared to the LSI calculations based on physicochemical parameters that 

were monitored on October 1, 2019, when no precipitation of calcite was predicted in the 

epilimnion due to a pH value of 7.64 at the surface. The precipitation data does not support the 

intrusion of a large volume of rainfall into the epilimnion, as only 4.6 and 3.8 mm of rainfall 

occurred in the days preceding sampling.  



 

Table D.3 Summarized daily climate data collected from the Oakville TWN climate station (ID 

= 6155750) located ~ 15 km from Crawford Lake. The climate record covers the mean 

temperature and total volume of precipitation throughout the sampling timeline (2019 – 2021 

CE). The data was used in creating Figure 5.12 in Chapter 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

List of Figures  

Figure 1.1 Geochemical and microfossil proxies record anthropogenic impact on Crawford Lake 

by Iroquoian (1268–1486 C.E) and Euro-Canadian (since the early 19th century) occupation. 

 

Figure 1.2 Stratigraphically constrained cluster analysis (CONISS) identifies the greatest change 

between assemblages of siliceous chrysophyte scales in samples from varves dated 1950 and 

younger (Zone B) and those deposited during the latest Holocene (Zone A). 

Figure 2.1 A) Map of the Great Lakes showing the location of Crawford Lake, and its proximity 

to Toronto, Ontario. B) Bathymetry map (Boyko, 1973) of Crawford Lake (~2.4 Ha) displaying 

where the inlet enters the northern shoreline and the depth distribution within the small, deep 

sinkhole basin. C) Regional map of Southern Ontario displaying the proximity of the study site 

to the Niagara Escarpment and the Milton Outlier, as well as the cities of Toronto, Hamilton, and 

St. Catharines, Ontario.  

Figure 2.2 A spring-fed stream (blue line) enters the northern shore of Crawford Lake and drains 

through the Crawford Bog prior to converging with Bronte Creek, eventually discharging into 

Lake Ontario. 

 

Figure 2.3 A bedrock geology map of Southern Ontario using the OGS MRD 126-REV database 

(Ontario Geological Survey, 2011). 

 

Figure 2.4 A schematic hydrogeological model of the Early Silurian Lockport Group carbonate 

bedrock that forms the Niagara Cuesta. 

 

Figure 2.5 Irregularly bedded, moderately fossilized grey-brown crystalline dolomitic bedrock 

along the boardwalk that surrounds Crawford Lake, which is a sinkhole weathered in Silurian 

caprock of the Niagara Escarpment. 

 



 

Figure 2.6 A) Quaternary geology map of Ontario including a legend indicating the type of till 

or bedrock present (Barnett et al, 1991). B) A larger scale version of part of the map shown in A) 

focusing on the Crawford Lake region (represented by the white and red star). 

 

Figure 2.7 Typical water column mixing that occurs twice a year in dimictic (holomictic) lakes 

as the entire water column approaches ~ 4 °C during the spring and fall, while stratification 

develops in summer and winter. During periods of stratification the epilimnion is separated from 

the hypolimnion by the metalimnion, termed the thermocline in this diagram (adapted from 

Gunther 2016). 

 

Figure 2.8 Typical stratification within a meromictic lake, including the seasonally stratified 

epilimnion, metalimnion, and hypolimnion that make up the mixolimnion, and the dense 

monimolimnion that is permanently isolated along the chemocline. 

 

Figure 2.9 Regional map of the Old Crow Flats, Yukon, depicting the various catchments and 

sub-catchments, the Old Crow River as well as the major tributaries which drain the landscape 

via the Old Crow River. The various sampling sites along these networks, as well as the network 

of monitoring lakes in the region (2007–2019) are also depicted. The surrounding mountain 

ranges that are drained by the converging tributaries have also been indicated (adapted from Kay 

et al. in prep). 

 

Figure 2.10 Geological map of the Old Crow Flats and the surrounding mountain ranges that 

delineate the watershed and act as the headwaters of the various tributaries that drain the 

landscape converging on OCF and into the Old Crow River (reproduced from Colpron et al. 

2016). 

 

Figure 2.11 Advancement of the Laurentide Ice Sheet ~ 30 to 17 ka BP (A) periodically blocked 

the pre-glacial drainage of the OCF through the McDougall Pass (B) resulting in the formation of 

Glacial Lake Old Crow. Thick glaciolacustrine sediments were deposited in this lake basin until 

the erosional drainage event that took place at the Upper Ramparts (B), forming the modern 



 

westward flowing system of the Porcupine River (B). Sourced from Zazula and Froese, 2013 (A) 

and Zazula, 2004 (B). 

Figure 2.12 Formation of thermokarst lakes (bottom to top) displaying the thawing of permafrost 

soils and ice wedges, the pooling of excess water, and resultant water body (Matuszewski 2017).  

Figure 3.1 The hydro-chemical distribution of major cation and anion chemistry, and the 

resultant dominant water type displayed on the larger diamond grid. Piper plots (Piper, 1944) 

display the dominant water characteristics using the relative abundance (% meq/L) of major ions 

and cations, transformed from mg/L to meq/L when divided by the equivalent weight (eq wt. = 

molecular weight/valence). 

Figure 3.2 Seasonal dependent sampling methods demonstrating the sampling of the water 

column using a rowboat (A) (photo captured by M. MacKinnon, July 2021), and sampling from 

thick layer of ice coverage (B) (photo captured by R.T. Patterson, February 2019). 

 

Figure 3.3 A) A bathymetry profile of Crawford Lake (adapted from Boyko, 1973) was used to 

construct ~ S-N (A – A’; B) and ~ W-E (B – B’; C) bathymetric cross-section profiles.  

Figure 3.4 Regional contour map of the area surrounding Crawford Lake, as well as the 

distribution of the Niagara Escarpment, and Nassagaweya Canyon that separates the escarpment 

from the Milton Outlier (Limestone Creek). The approximate watershed area of Crawford Lake 

is displayed within the blue shape, outlined by the topographic highs of the region (Source: 

Ministry of Natural Resources and Forestry). 

Figure 4.1 A) Map of North America showing the location of Crawford Lake and surrounding 

landmarks. B) Regional map of Southern Ontario displaying the proximity of the study site to the 

Niagara Escarpment, the Milton Outlier, and the cities of Toronto, Hamilton, and St. Catharines, 

Ontario. C) Map showing the proximity of Crawford Lake to Nassagaweya Canyon, a re-entrant 

valley that separates the Milton Outlier from the Niagara Escarpment ~ 1 km east of Crawford 

Lake. 



 

Figure 4.2 Cross-sectional profile of the meromictic Crawford Lake in the dolomitic sinkhole 

(bathymetric profile reconstructed using contours of Boyko 1973). 

Figure 4.3 Map showing the location of Crawford Lake in relation to the inlet, the recharge 

spring, and the outlet that were sampled for their physical and chemical characteristics. 

Figure 4.4 Depth profiles of temperature (A), conductivity (B), dissolved oxygen (C), and pH 

(D) collected during 12 surveys through the water column of Crawford Lake via a Horiba 

multiprobe water quality meter. Profiles show seasonal variation within the epi-, meta-, hypo- 

and monimolimnion, with solid line in C indicating lower DO limit for aquatic eukaryotes. 

Figure 4.5 Averaged temperature and dissolved oxygen (DO) values collected from the water 

column in Crawford Lake. 

Figure 4.6 Profiles of ion and nutrient concentrations in the water column of Crawford Lake. 

The effects of permanent stratification at the chemocline are clear, with much higher Ca+2 and 

Mg+2 (and hence, alkalinity) as well as nutrients (TP, TN) and K+, but lower Na+ in the 

monimolimnion (darkest grey shading). 

Figure 4.7 Photo of Brendan Llew-Williams monitoring the recharge spring using a Horiba 

multiprobe in June 2021. Upwelling captured here occurs upstream of where the inlet flows into 

the northern shore of Crawford Lake. Image captured by Mike MacKinnon. 

Figure 4.8 Stable water isotope – depth profiles showing the changes in δ18O (‰ VSMOW) and 

δ2H (‰ VSMOW) values in the water column of Crawford Lake showing the effects of seasonal 

factors, particularly in the epilimnion (no shading). 

 

Figure 4.9 Hydrological data from Crawford Lake and the surrounding catchment including inlet 

and outlet chemistry (A), surface water Horiba measurements (B), chemistry of regional 

precipitation at the Headon Reservoir ~ 15 km from Crawford Lake; C), inlet, spring, and outlet 

Horiba data (D), and the change in temperature as water flows from the recharge spring to the 

inlet, through Crawford Lake, exiting the outlet (E). 

 



 

Figure 4.10 The contrast in colour between epilimnion and monimolimnion samples collected 

for DIC analysis in September of 2020 illustrates the accumulation of DOC, DIC, nutrients, and 

ions below the chemocline of Crawford Lake.  

 

Figure 4.11 Piper plots displaying the chemical signature of three PGMN wells with relatively 

consistent water chemistry (locations identified by green dots). 

 

Figure 4.12 Piper plots displaying the chemical signature of three PGMN wells with anomalous 

water chemistry (locations identified by red dots), of those described in Figure 4.11. 

 

Figure 4.13 Piper plots show the major cations (Na+ + K+, Ca2+, and Mg2+) and anions (Cl- + F-, 

HCO3- + CO32-, and SO4-) in the mixolimnion (A) and monimolimnion (B) of Crawford Lake 

transformed into meq/L, plotted in separate ternary diagrams, and projected on a diamond grid to 

show similar chemical signatures in relative percentages, following the methodology of Piper 

(1944).   

 

Figure 4.14 Summary Piper plot for the groundwater geochemistry of the various formations of 

the Lockport Group. Groundwater wells were analysed across Southern Ontario (~ 8,000 km2) in 

a zone delineated by the Bruce Peninsula to the north, the Niagara Escarpment to the east, the 

Algonquin Arch to the south, and the Salina Formation to the west. Wells with low tritium values 

(< 5 TU) reflect older water recharged prior to atmospheric nuclear testing (Brown 1961), 

whereas values > 5 TU reflect more recent groundwater recharge (Reproduced from Priebe 

2019). Values for the mixolimnion and monimolimnion of Crawford Lake (yellow and red X’s) 

plot close to the Goat Island Fm. values, as expected from the regional stratigraphy. 

 

Figure 5.1 a) Crawford Lake is a small, deep meromictic lake that occupies a sinkhole formed 

from karstic dissolution of the dolomitic Silurian Lockport Group of the Niagara Escarpment, 

approximately 50 km west of Toronto – 43°28’N, 79°57’W (bathymetry from Boyko 1973, 

showing the location of sediment traps and the freeze core analyzed as part of this study). 

Massive bioturbated organic-rich marl accumulates over most of the lakebed but varved 

sediments accumulate below 15.5 m (the permanent pycnocline/ chemocline – shaded). b) 



 

Variation in thickness of the dark organic matter and light inorganic calcite that form varved 

couplets across the proposed base of the Anthropocene (1952 CE, dark blue line) in freeze core 

CRW19-2FT-B2 can be related to historic climate data, with the thickest white lamina deposited 

in the hot, dry summer of 1935, during the Dust Bowl (high-resolution image from Serack 2021 

and Lafond et al. in prep.). Varve ages also highlight 1951 CE (light blue) which would then 

become final year of the Meghalayan Age of the Holocene Epoch (Waters et al., 2021). 

 

Figure 5.2 Illustration of relatively diverse and abundant zooplankton in the deep basin of 

Crawford Lake in winter, when the relatively warm temperatures of the monimolimnion (darkest 

gray shading) combined with high concentrations of dissolved and particulate organic matter 

appears to attract consumers between fall and spring turnover (Reproduced from Heyde, 2021; 

note that depiction of groundwater flow zones published in that thesis is highly speculative, but 

inflow of highly oxygenated groundwater is the only plausible mechanism to explain the well-

oxygenated monimolimnion capable of supporting aerobic metabolism- see this thesis, chapter 

4). 

Figure 5.3 a) The high mass accumulation rates (MAR) of calcium carbonate and total organic 

carbon (TOC) allow thick varves to be easily discriminated during both the Iroquoian and Euro-

Canadian settlement phases. Much faster rates of sedimentation at times of cultural 

eutrophication are evident in the age model based on 28 AMS radiocarbon ages (dots with lines 

illustrated standard error in diagram at left) for the freeze core recovered from the deep basin of 

Crawford Lake in 2001 (Ekdahl et al. 2004). Based on their model (b), rates of sedimentation in 

the Canadian zone (since 1867) were nearly 2mm/y compared to less than 0.4 mm/ y between the 

end of the Iroquoian zone (1486) and the base of the Canadian zone. Sedimentation rates were 

intermediate (around 1mm/y) over the 218 varve years that span Iroquoian settlement based on 

evidence of cultigens (e.g., corm smut spores in Figure 1.1) in the organic fraction of the varve 

couplets. 

Figure 5.4 Physical properties in the water column of Crawford Lake measured between 

February 2019 and September 2021. The epilimnion (~0–5.5 m – un-shaded zone) shows the 

most seasonal variation in temperature (A) and pH (B), whereas conditions in the 

monimolimnion (~15.5–24 m – darkest shading) are relatively stable year-round.  Note the sharp 



 

contrast in all properties at the base of the hypolimnion (medium gray shading), identifying 

chemocline that produces a sharp density contrast (C - pycnocline), permanently isolating the 

monimolimnion from the overlying mixolimnion (Chapter 4 of this thesis). 

Figure 5.5 Chemical profiles of calcium and magnesium concentrations and alkalinity in 

Crawford Lake sampled between February 2019 and June 2021 (shading follows the format used 

in Figure 5.4). 

Figure 5.6 Bathymetric profiles of Crawford Lake’s elliptical sinkhole basin, A) trending along 

the long axis (south–north), and B) along the short axis (west–east). 

Figure 5.7 A) The position of sediment traps in Crawford Lake and representative images of the 

inorganic constituents collected in the upper (B - 5.5 m) and lower (C - 15.5 m) traps between 

October 2020 and June 2021.  

Figure 5.8. Representative images of the inorganic constituents collected in the upper (B - 5.5 

m) and lower (C - 15.5 m) traps between June and September 2021.  

Figure 5.9. Photograph taken of the inorganic contents of the top sediment trap collected in 

September 2021 (right), and of the bottom trap collected in June 2021 (left). 

Figure 5.10 Organic-walled aquatic microfossils (palynomorphs) in sediment traps deployed in 

the deep basin of Crawford Lake contain eukaryotic algae and their consumers (see schematic in 

Figures 5.7 and 5.8). Sedimentation intervals represent mid-August – mid-October 2020 (#1), 

mid-October 2020– mid-June 2021 (#2), and mid-June – mid-September 2021 (#3) (Krueger and 

McCarthy, in prep.; see Appendix C).  

Figure 5.11 The contents of the thick 1935 light (A) and dark (B) varve couplets (unoxidized) 

subsampled from the 2011 CL core and analyzed under 400 x magnification (scale bar represents 

50 μm).  

Figure 5.12 Factors and processes controlling the formation of varved sediments in lacustrine 

settings (A) and a simplified model of a mixed organic varve, consisting of organic matter 



 

capped by inorganic calcite, modified to illustrate the window of calcite precipitation in 

Crawford Lake that extends into the early fall (B). Modified from Zolitschka et al. (2015). 

 

Figure 5.13. Calcite caps organic detritus on the lakebed below the chemocline when surface 

waters are sufficiently warm and basic, allowing varve ages to be assigned to the sequence in the 

deep basin of Crawford Lake. High-resolution imaging was performed at Carleton University on 

the photograph freeze core CRW19-2FT-B2, collected in February 2019 from 23 m depth.  

Stitching individual images into one cohesive image using Adobe Photoshop was completed by 

Krysten (Serack) Lafond to measure the thickness of individual varves using pixel counting. 

Figure 5.14. Summarized daily climate data (temp °C and total precipitation mm) collected at 

the Oakville TWN climate station (Climate ID = 6155750) ~ 15 km from Crawford Lake. The 

data presented here spans the duration of sampling and LSI predictions.  

Figure 5.15 The solubility of calcium carbonate with increasing temperatures in air (CO2) and 

without atmospheric contact (Berthold 2016) - the latter being the situation in the 

monimolimnion of Crawford Lake. The 2012CMPR results were collected from one of the 

experiments ran by Coto et al (2012). 

 

Figure 6.1 A) A map of the ecoregions of the Yukon including the Old Crow Flats, the Old 

Crow Basin, and the Richardson-British Mountains regions that are included in this study 

(Scudder, 1997). B) A map of the physiographic regions and morphological belts of the Yukon 

displaying the Old Crow Flats, and the surrounding mountain ranges (Adapted from Smith et al 

(2004), Mathews (1986), and Gabrielse et al. (1991)). C) A map of the entire Old Crow Flats 

watershed, the various tributaries involved in the hydrological monitoring program, as well as 

their individual highlighted catchments. The monitoring stations along the tributary networks 

have been illustrated, as have the mountain ranges that delineate OCF. Only the lakes included in 

the monitoring program have been indicated in this figure as this Chapter focuses on the river 

network (Adapted from Kay et al., in preparation).  



 

Figure 6.2 A depiction of thermokarst lake formation (bottom to top) displaying how thawing 

permafrost-rich sediments and ice wedges results in the formation of depressions, and the 

pooling of excess water (Matuszewski 2017).  

Figure 6.3 Photo captured during the 2009 OCF field work (photo courtesy of Kevin Turner). 

This image captures how the Old Crow River is carved within the glaciolacustrine sediments of 

the Old Crow Flats relative to a perched thermokarst lake that appears to be draining into the 

river network.  

 

Figure 6.4 Time series results from the 14 monitored thermokarst lakes of OCF (2007 – 2019) 

during the spring and fall sampling seasons (reproduced from MacDonald et al., 2021). 

 

Figure 6.5 Seasonal distribution of stable water isotope (δ18O and δ2H) precipitation values 

across North America using data from 2015 (waterisotopes.org; Bowen 2019). A) and B) display 

the distribution of δ2H and δ18O during January, while C) and D) display the distribution of δ18O 

during August. 

 

Figure 6.6 Geological map of the Old Crow Flats and the surrounding mountain ranges that 

delineate the watershed (reproduced from Colpron et al. 2016). 

 

Figure 6.7 The distribution of surface geology in the Yukon displaying the colluvial rubble, 

sands, and fines that cover the external mountains ranges, and the glaciolacustrine sediments that 

comprise the OCF (adapted from Fulton, 1995).  

 

Figure 6.8 Reconstruction of the maximum extent of Glacial Lake Old Crow. Also displayed in 

this model are the locations of the McDougall Pass, and the Upper Ramparts which were 

influential in the formation, and drainage of the lake (reproduced from Zazula, 2004).  

 

Figure 6.9 Land converge of the Old Crow Flats and surrounding watershed including the 

distribution of woodlands, tall shrubs, dwarf shrubs, sparse vegetation, and surface water 

(reproduced from Turner, 2014).  



 

 

Figure 6.10 The isotope framework from Tondu et al. (2013) including the GMWL (d2H = 8 

d18O + 10; Craig 1961), the LEL (d2H = 4.7 d18O – 71.2; Tondu et al 2013) and mean annual 

precipitation (δp). Isotopic endmember composition ranges for rain (blue), snow (yellow) 

(waterisotopes.org; Bowen 2019) and permafrost (red; Bandura et al 2020) are also displayed. 

 

Figure 6.11: Stable water isotope plots from 8 OCF river stations displaying the variability of 

δ18O and δ2H values from upstream to downstream and temporally throughout the OCF 

watershed. 

 

Figure 6.12 Principal Component Analysis performed on the river water chemistry data 

collected between 2007 – 2009 and 2015 – 2018 CE. A) Indicates the parameter vectors that 

drive the variation along axis 1 and 2 while B-L) display the movement along the river network 

driven by the parameters shown in A) (adapted from Kay et al., in preparation). 

 

Figure A.1 Box and Whisker plots displaying the distribution of temperature, conductivity, 

dissolved oxygen, and pH in the epilimnion, metalimnion, hypolimnion, and the monimolimnion 

of Crawford Lake. The data displayed in these plots was measured between August 2018 and 

September 2021, and is displayed in Figure 4.1, and Table 4.1. 

 

Figure A.2 Box and Whisker plots displaying the interannual distribution of water temperature 

(A), conductivity (B), dissolved oxygen (C), and pH (D) across months sampled multiple times 

over the sampling timeline. The plots were grouped by sampling month and were separated by 

the year the physical parameter was measured, and by depth (i.e., epilimnion, metalimnion, 

hypolimnion, and monimolimnion). The data displayed in these plots was collected from 

Crawford Lake between August 2018 and September 2021 and is displayed in Tables 4.2 – 4.5. 

 

Figure A.1 The summary inlet and outlet chemistry measured at Crawford Lake. This figure is 

portion (A) of the larger surface hydrology model seen in Figure 4.7. The data for this chart can 

be found in Table A.6 of this appendix.  

 



 

Figure A.2 The summary physical surface water data measured at Crawford Lake using the 

Horiba multiprobe. This figure is portion (B) of the larger surface hydrology model seen in 

Figure 4.7. The data for this chart can be found in Tables A.8 of this appendix.  

 

Figure A.3 Box and Whisker plots displaying depth related trends in the major ion and nutrient 

chemistry collected from Crawford Lake between February 2019 and June 2021. The chemistry 

data was plotted by parameter, and by the location in the water column the sample was collected 

from (i.e., epilimnion, metalimnion, hypolimnion, and monimolimnion). The box plots displayed 

here match the format of Figure 4.6, and summarize the data shown in Table 4.6.  

 

Figure A.4 The summary inlet and outlet chemistry measured at Crawford Lake. This figure is 

portion (A) of the larger surface hydrology model seen in Figure 4.7. The data for this chart can 

be found in Table A.6 of this appendix.  

 

Figure A.5 The summary physical surface water data measured at Crawford Lake using the 

Horiba multiprobe. This figure is portion (B) of the larger surface hydrology model seen in 

Figure 4.7. The data for this chart can be found in Tables A.8 of this appendix.  

 

Figure A.6 The summary precipitation chemistry data measured at the Headon Reservoir by 

Environment Canada. This figure is portion (C) of the larger surface hydrology model seen in 

Figure 4.7. The data for this chart can be found in Tables A.1-4 of this appendix.  

 

Figure A.7 The summary physical parameter data measured in the recharge spring, the inlet, and 

the outlet of Crawford Lake. This figure is portion (D) of the larger surface hydrology model 

seen in Figure 4.7. The data for this chart can be found in Tables A.6 of this appendix.  

 

Figure A.8 The summary temperature data measured across the recharge spring, the inlet, the 

lake surface, and the outlet of Crawford Lake. This figure is portion (E) of the larger surface 

hydrology model seen in Figure 4.7. The data for this chart can be found in Tables A.1 and A.6 

of this appendix.  

 



 

Figure D.1. Climate normals collected from the Burlington TS station (~ 25 km from Crawfrod 

Lake) between 1981 and 2010 CE. 

 

Figure E.1. Legend for the Yukon Bedrock Geology map included in Chapter 2 (Figure 2.11) 

and referenced in Chapter 6 (Colpron et al., 2016). 
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About the Chapters  

Chapter 1 provides a brief introduction to Crawford Lake and the Old Crow Flats (OCF), 

detailing how these sites are related through recorded signatures of anthropogenic impacts and 

climate change. In addition to introducing the hydrological monitoring that took place at OCF 

and Crawford Lake, this chapter discusses how these changes are recorded through geochemical 

and microfossil proxies in the varved sediments of Crawford Lake. This chapter was written by 

Brendan Llew-Williams with input from Prof. Francine McCarthy, Prof. Kevin Turner, Prof. 

Martin Head, and Prof. Uwe Brand.  

Chapter 2 provides background information on the geological, hydrological, and hydrogeological 

settings, the glacial, lacustrine, and karstic origins, as well as background information on the 

meromictic and thermokarst lakes being studied in southern Ontario and northwest Yukon. This 

chapter was written by Brendan Llew-Williams with input from Prof. Francine McCarthy, Prof. 

Kevin Turner, Prof. Martin Head, and Prof. Uwe Brand. 

Chapter 3 provides the detailed methodology used in the sampling and monitoring of Crawford 

Lake and the surrounding catchment, as well as the background preparation and post-sampling 

laboratory procedures and analysis. This chapter was written by Brendan Llew-Williams with 

input from Prof. Francine McCarthy, Prof. Kevin Turner, Prof. Martin Head, and Prof. Uwe 

Brand. 

Chapter 4 introduces the monthly water column sampling and Horiba profile monitoring data 

that was carried out by Brendan Llew-Williams, with assistance from Autumn Heyde. 

Physicochemical depth profiles, Piper plots, and hydrological models were made by Brendan 



 

Llew-Williams and drafted by Mike Lozon. Regional groundwater data were obtained from the 

Provincial Groundwater Monitoring Network from the Ontario Ministry of the Environment, 

Conservation and Parks, while rainwater chemistry data were obtained from Environment 

Canada. The paper was written by Brendan Llew-Williams and Prof. Francine McCarthy, with 

input from Dr. Michael MacKinnon, Prof. Kevin Turner, Autumn Heyde, Prof. Martin Head, and 

Prof. Uwe Brand. 

Chapter 5 provides monthly water column sampling and Horiba profile monitoring data that was 

carried out by Brendan Llew-Williams and assisted by Autumn Heyde. Saturation index 

calculations were performed by Brendan Llew-Williams using these monitoring data using an 

online calculator available from Lenntech. Sediment traps were installed and sampled by Andrea 

Krueger with the assistance of Paul Michael Pilkington, Brendan Llew-Williams, and Aaron 

Alderson. Strew slides of sediment trap and sediment core samples were made by Dr. Francine 

McCarthy and analysed by Brendan Llew-Williams and Dr. McCarthy and Andrea Krueger. The 

chapter was written by Brendan Llew-Williams and Dr. Francine McCarthy, with input from Dr. 

Michael MacKinnon. 

Chapter 6 introduces the isotopic and chemical data collected from the network of river, creek, 

and lake sampling stations (2007 – 2009, 2015 – 2019, and 2021 CE) in the early and late ice-

free season that was performed by Dr. Kevin Turner and an alternating crew of his students and 

colleagues. Due to Covid-19 restrictions, hydrological sampling of Old Crow Flats, Yukon was 

not possible during the 2020 summer season. The regional map of the hydrological drainage 

network and adjacent sampling locations was drafted by Michelle Pearce. The isotopic record of 

the major tributaries of the Old Crow River was coded using R Studio by Brendan Llew-



 

Williams using the previously mentioned dataset. Principal Component Analysis was performed 

by Mitch Kay (U. Waterloo) using this suite of chemical data and R software. This chapter was 

written by Brendan Llew-Williams and Dr. Kevin Turner.  
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Chapter 1  

1.1 Introduction  

Anthropogenic changes are being recorded in lakes and drainage networks globally, and 

have been the focus of numerous studies, including in Southern Ontario (Dugan et al., 2017; 

Tiwari and Rachlin 2018; Schindler et al. 1990; Kurylyk et al. 2013; Poesch 2016; Gushulak et 

al. 2021, etc.) and Northern remote Arctic landscapes (IPCC 2014; Beel et al. 2021; MacDonald 

et al. 2021; Lantz and Turner 2015; Zazula and Froese 2013; Tondu et al. 2016; Nitze et al. 

2021; etc.). Human impacts have been particularly detrimental to freshwater resources, resulting 

in eutrophication (Carpenter and Lathrop 2008), acidification (Stoddard et al. 1999), 

salinification (Dugan et al. 2017), altered carbon and nitrogen cycling processes (Alin and 

Johnson 2007; Elser et al. 2009), and an overall loss in biodiversity (Lake et al. 2000), that are 

expected to continue with ongoing global climate warming (Arnell, 1999; Vörösmarty et al. 

2000; Sahoo et al. 2020). These environmental and climatic impacts are driven by the larger 

renewable and non-renewable resource consumption required to sustain the increasing global 

population. The impact on Earth Systems of the sharp increase in resource consumption 

(including energy, food, road salt, fertilizer, and potable water) since the end of the Second 

World War is collectively referred to as the ‘Great Acceleration’ (Steffen et al. 2007, 2015; Head 

et al., in press).  

The two study locations included in this thesis, Crawford Lake, Ontario, and Old Crow 

Flats (OCF), Yukon, exemplify how different hydrological systems record anthropogenic 

influences and climate changes. These anthropogenic and climate-induced impacts are recorded 

by geochemical and microfossil proxies as well as instrumental records. In Crawford Lake these 
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proxies have been preserved in a varved sediment record that spans the last 800 years, while in 

OCF, they are recorded through stable water isotopes, as well as in major ion and nutrient 

chemistry. This variation is measurable over time, as well as spatially across this fluvial wetland 

system that is susceptible to permafrost thaw, climate alteration, and landscape responses.  

1.1.1 Previous Research  

Crawford Lake is a meromictic lake that occupies a karstic sinkhole in the Niagara 

Escarpment, Southern Ontario, in which annual laminations preserved in the deep basin provide 

a detailed and extensive record of anthropogenic and natural environmental change through 

much of the past millennium. Microfossil and geochemical proxies in these varves record 

changes in climate as well as anthropogenic impacts that have permanently affected the 

hydrology and ecology of the lake (Figure 1.1). The chronologic precision afforded by the 

varved sediments has resulted in numerous archeological, limnological, and paleolimnological 

studies of Crawford Lake and the surrounding catchment. These studies include those used to 

reconstruct changes in climate and vegetation (McAndrews and Boyko-Diakonow 1989; Yu 

1997), studies focused on the record of Indigenous occupation and cultivation (McAndrews and 

Boyko-Diakonow 1989; Clark and Royall 1995; Ekdahl et al. 2007; Krueger and McCarthy 

2016; Finlayson 1998; Turton and McAndrews 2006; Heyde et al. 2021; McCarthy et al. 2018), 

and cultural eutrophication (Rybak and Dickman 1988; Ekdahl et al. 2004, 2007; McCarthy et al. 

2018; Waters et al, 2018). Paleoenvironmental proxies in the varved sediments record impacts of 

the Great Acceleration (Gushulak et al. 2021; McCarthy et al. in prep.), resulting in this sequence 

gaining attention as a potential Global Boundary Stratotype Section and Point (GSSP) for the 

Anthropocene Epoch (Steffen et al. 2015; Anthropocene Working Group, 2020).    
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Figure 1.1 Geochemical and microfossil proxies record anthropogenic impacts on Crawford 

Lake by Iroquoian (1268–1486 CE) and Euro-Canadian (since the early 19th century) occupation. 

The permanent impact on the lake ecosystem is clear in the transfer reconstruction of total 

phosphorous (DI-TP) inferred from diatom assemblages (Ekdahl et al. 2007). Annual resolution 

afforded by varves allows comparison with historic and archeological records. The variation in 

mass accumulation rates of the calcium carbonate (A) and total organic carbon (B) components 

of the varves are displayed and provide insight on the degree of cultural eutrophication and 

climate trends over the past millennium. Modified from Waters et al. (2018). 

The second research site this thesis project addresses is the fluvial system of the Old Crow 

Flats (OCF), Yukon. Both sites allow for anthropogenic and climate-induced landscape changes 

to be hydrologically recorded, while requiring varying research methodologies, and possessing 
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extremely different degrees of accessibility, landscape characteristics, climates, and hydrology. 

OCF is an extremely remote Arctic landscape located in northern Yukon and is the traditional 

territory of the Vuntut Gwitchin First Nation who have observed rapidly altering landscape 

changes in response to changing climate (Zazula et al., 2004; IPCC, 2014; Beel et al., 2021; 

MacDonald et al., 2021). Due to detected landscape changes in OCF and the densely populated 

lake and river network (40% of landscape coverage; Smith et al, 2004), the region provides an 

excellent record of how anthropogenic activity effects landscape characteristics, primarily how 

human induced climate change is driving hydrological and meteoric variation across this remote 

fluvio-wetland.  The site’s remote northern locality, permafrost filled sediments, and wetland 

characteristics, make OCF an excellent early proxy for studying the potential long-term effects 

that climate change will have on more densely populated lower latitudes as the climate 

projections indicate that rising temperature are to continue.  

Tracing the hydrological variation across this virtually inaccessible landscape has relied on 

innovative research approaches including the long-term analysis and monitoring of this vast river 

and thermokarst lake network since 2007 using a suite of chemical and isotopic parameters, 

reported regional isotopic endmembers, remote sensing and mapping techniques, and sediment 

sampling. The findings from the OCF portion of this thesis revolve around utilizing the long-

term geochemical monitoring data from the vast river network sampled between 2007 – 2019. 

The research performed in OCF have resulted in numerous studies that have been published or 

are still in progress (Lantz and Turner, 2015; Zazula and Froese, 2013; Tondu et al., 2016; 

MacDonald et al., 2012; Turner et al, 2014; MacDonald et al., 2021; Kay et al., in prep; Llew-

Williams et al., in prep). These findings are regularly communicated with the Vuntut Gwitchin 

First Nation community whose way of life is most affected by these landscape and climate 
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changes. Both the continued monitoring of the river and lake network within the Vuntut 

Gwitchin First Nation territory and community engagement are important as climate change 

continues to affect these remote Arctic landscapes, and the ecosystems and people who live 

there.  

1.1.1.2 Implications for the Anthropocene Global boundary Stratotype Section and 

Point (GSSP)  

Crawford Lake is one of 12 sites being studied as a potential Global boundary Stratotype 

Section and Point (GSSP) for the proposed Anthropocene Epoch/ Series (AWG, 2020). The 

major shift in siliceous microfossil assemblages (Figure 1.2) illustrates the aquatic ecosystem 

response to stressors associated with the Great Acceleration in the mid-20th century that is 

associated with a sharp increase in the concentration of spheroidal carbonaceous particles 

(SCPs), produced by incomplete combustion of fossil fuels, in varves dated to the early 1950s 

(McCarthy et al. in prep.). The protection of the lake afforded by Conservation Halton, and 

relatively easy access and interpretation for the public are attractive features in the search for the 

‘golden spike’ to define the Anthropocene. Additionally, there is a clear ‘bomb effect’ recorded 

in radiocarbon ages in varves deposited since the base of this proposed epoch, 1952 CE 

(Anthropocene Working Group 2020). In these laminations the fallout from atmospheric nuclear 

testing results in calibrated ages younger than indicated by the varve counts (Table 1.1). Prior to 

the proposed base for the Anthropocene there is an ‘old carbon’ effect recorded in the varves. 

This ‘old carbon’ is introduced into Crawford Lake from the Silurian bedrock basin, resulting in 

radiocarbon dates around one thousand years older than indicated by varve counts. There is a 

strong bomb effect evident in varves deposited since 1949–50, making the radiocarbon years 
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younger than the varve ages, particularly through the 1960s, suggesting that the varves should 

also have a strong signature of other types of nuclear fallout.  For example, the primary marker 

suggested by the Anthropocene Working Group, is 239Pu, used as a marker of fallout of 

thermonuclear testing that peaked during the Cold War. These analyses are currently ongoing.    

Figure 1.2 Stratigraphically constrained cluster analysis (CONISS) identifies the greatest change 

between assemblages of siliceous chrysophyte scales in samples from varves dated 1950 and 

younger (Zone B) and those deposited during the latest Holocene (Zone A). Reproduced from 

Gushulak et al. 2021.  

 

Table 1.1 Radiocarbon results, 2 – 4-year varve ‘bundles’ from freeze core CRW19-2FT-B2, 

collected in February 2019, performed at the Andre Lalonde Laboratory, University of Ottawa. 

Calibration was performed using OxCal v4.3 (Bronk Ramsey 2009) and the IntCal13 (Reimer et 

al. 2013) and Bomb13NH1 (Hua et al. 2013) calibration curves. Material codes are described in 

Crann et al. (2017). Note: cal BP refers to calibrated years before AD 1950. Shading identifies 
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samples dating younger than the varve age due to ‘bomb effect’, the production of radiocarbon in 

the upper atmosphere from above-ground thermonuclear testing.  Bulk samples of lacustrine 

sediment deposited in this karstic basin of Silurian dolomite before 1950 incorporate large ‘old 

carbon’ errors.  

Sample Lab Code Varve Count Age Median Calibrated 14C Age 

CRA19_IFRA_ 12  1972–1975   AD 1973 

CRA19_IFRA_1  1962–1965   AD 2002  

CRA19_IFRA_ 10  1955–1957   AD 2008  

CRA19_IFRA_ 4  1949–1950   852 cal BP (ca. AD 1100) 

CRA19_IFRA_ 6  1945–1948   1072cal BP (ca. AD 880) 

CRA19_IFRA_ 2   1930–1934   1106 cal BP (ca. AD 845) 

 

This thesis investigates the hydrologic and depositional context that allows chemical and 

biological proxies to be preserved and annually resolvable in the deep basin of Crawford Lake in 

the absence of bottom water anoxia. Understanding what facilitated the formation and 

preservation of these varves is important in the search for an Anthropocene GSSP that will 

permanently preserve the fundamental characteristics of the base of the geologic time interval, 

notably the primary marker – fallout of radionuclides at the beginning of the Cold War (AWG, 

2020). Understanding the conditions that promote the precipitation of calcite during the warm 

season and its undisturbed accumulation on the lakebed will allow Conservation Halton to 

implement building and public management processes to ensure the longevity of the records and 
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chemical signatures (including 239Pu) that can be affected by changing water chemistry and 

hydrology.  

1.2 Objectives  

The primary objective of this thesis is to examine the record of anthropogenic activities using 

major ion analysis, stable water isotopes, physical monitoring, and other hydrological and 

hydrogeological methods in two very different research sites and projects: one is a small 

meromictic lake located in a conservation area in a highly populated portion of Southern Ontario, 

the annually laminated sediments of which are being considered as a potential GSSP to formally 

define the Anthropocene Epoch, and the other is a vast and remote Arctic network of interacting 

perched thermokarst lakes and incised rivers within the Vuntut Gwitchin First Nation territory in 

the northern Yukon. This thesis combines these two research projects into a comprehensive, 

extensive, and wide-ranging thesis related through tracing the impacts of global and local 

anthropogenic activities on water quality while aiding to each larger research endeavour 

separately.  

1.3 Format  

This thesis is written in the Integrated Article format, and it is intended that chapters 4, 5 and 

6 will be refined for publication with the assistance of collaborators as coauthors. This first 

chapter details how these very distant and environmentally different sites are related while 

providing insight on how the remaining thesis has been presented and formatted. Chapter 2 

provides background information on the two study sites, including geological and hydrological 

settings, as well as presenting some background information on the unusual types of lakes being 
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studied (i.e., thermokarst and meromictic lakes). Chapter 3 offers a detailed description of the 

methodology used when monitoring and sampling water from Crawford Lake, and the 

surrounding catchment, as well as the background preparation and post sampling procedures and 

analysis.  

Chapter 4 provides the hydrological and hydrogeological evidence required to explain the 

source of the uniquely oxygenated monimolimnion in the meromictic Crawford Lake, and the 

preservation of these deep basin laminations in the presence of oxygen, and therefore a 

bioturbation-threatened environment. The version of Chapter 4 that will be submitted for 

publication will be written by Brendan Llew-Williams, Prof. Francine McCarthy, Dr. Michael 

MacKinnon, Prof. Kevin Turner, Autumn Heyde, Prof. Martin Head, Prof. Uwe Brand, and 

collaborators from the Ontario Geological Survey, including Abigail Burt. The aim of this 

manuscript is to be sent to a journal, potentially the Journal of Hydrogeology for publication at a 

later date.  

Chapter 5 provides additional details on the composition, formation, and preservation of the 

varved couplets found only below the chemocline, including the conditions required for calcite 

precipitation that caps the annual accumulation of authigenic organic matter on the lakebed. This 

chapter also explores the offset between radiocarbon dating and varve age counts during periods 

of no human occupation in the catchment. The manuscript submitted for publication will be 

written by Brendan Llew-Williams, Prof. Francine McCarthy, Krysten Lafond, Dr. Michael 

MacKinnon, Dr. Uwe Brand, and Dr. Timothy Patterson. This manuscript will likely aim to be 

published by the Canadian Journal of Earth Sciences or the Anthropocene Review.  
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Chapter 6 reintroduces the hydroecological monitoring network in Old Crow Flats, briefly 

summarizing some of the innovative long-term research led by Dr. Kevin Turner since 2007, 

with a specific focus on how the river hydrology of this important remote landscape has 

responded to the changing climate and landscape (i.e., warmer and wetter conditions). This 

manuscript will be written by Brendan Llew-Williams, Dr. Kevin Turner, Mitch Kay, and 

Michelle Pearce in hopes of publication by either Environmental Research Letters, or Arctic 

Science.   
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Chapter 2 Background Information on Study Sites  

2.1 The geological, hydrogeological, and limnological setting of Crawford Lake  

Crawford Lake is located near the cuesta of the Niagara Escarpment within the township 

of Milton, Ontario and is under the management and protection of Conservation Halton (Figure 

2.1). The lake is located ~ 50 km west of Toronto and sits 278 m above sea level. Crawford Lake 

is an open lake with a groundwater fed, meteorically diluted inlet stream that enters the lake on 

the northern shoreline, with lake drainage through the Crawford Bog on the southern shore.  

Crawford Lake is a part of the Bronte Creek watershed, converging with the Bronte Creek and 

eventually entering Lake Ontario downstream (Figure 2.2). The lake occupies an exposed 

sinkhole dissolved in dolostones of the Silurian Lockport Group, in which numerous highly 

conductive groundwater flow zones have been identified (Brunton, 2009; Priebe et al. 2018), so 

its hydrology is closely affected by the characteristics of the lithology as well as the regional 

climate.  
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Figure 2.1 A) Map of the Great Lakes showing the location of Crawford Lake, and its proximity 

to Toronto, Ontario. B) Bathymetry map (Boyko, 1973) of Crawford Lake (~2.4 Ha) showing 

where the inlet enters the northern shoreline and the depth distribution within the small, deep 

sinkhole basin. C) Regional map of Southern Ontario displaying the proximity of the study site 

to the Niagara Escarpment and the Milton Outlier, as well as the cities of Toronto, Hamilton, and 

St. Catharines, Ontario.  

Milton Outlier 
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Figure 2.2 A spring-fed stream (blue line) enters the northern shore of Crawford Lake and drains 

through the Crawford Bog prior to converging with Bronte Creek, eventually discharging into 

Lake Ontario. The Niagara Escarpment and the Milton Outlier are separated by the Nassagaweya 

Canyon which has been outlined in white. Source: Base map accessed on September 25, 2021, 

and subsequently annotated to highlight relevant features.  
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Within Southern Ontario, monthly averages of daily temperature typically range from 

lows of - 4.4 °C in January to highs of 22.5 °C in August, with an annual average temperature of 

~ 9.1 °C.  Mean values of precipitation indicate that ~ 863 mm of combined rain and snowfall 

occurs each year, with a relatively drier Winter (December – February; ~ 184 mm) and Spring 

(March – May; ~ 213 mm) compared to the Summer (June – August; ~ 226 mm) and Fall 

(September – November; ~ 240 mm) seasons (Climate Normals for Burlington TS 1981 – 2010 

CE, Government of Canada; Appendix D). Understanding the annual distribution of temperature 

and precipitation in Southern Ontario is important, as these factors influence the physical 

properties of surface water, as well as groundwater recharge of the aquifers that enter the lake 

basin.  

2.1.1 Regional Bedrock Geology  

The bedrock of Southern Ontario (Figure 2.3) consists of extensive clastic and carbonate 

sequences that were deposited through the Paleozoic in the shallow warm seas that covered a 

large portion of the North American continent. These marine sequences are primarily thick units 

of dolomites, limestones, shales, sandstones, and evaporites (Armstrong and Carter 2010), non-

conformably overlying the heavily deformed Grenville Province of the Canadian Shield – the 

highly metamorphosed crystalline Precambrian region formed some 1.1 billion years ago 

(Armstrong and Dodge 2007). The Niagara Escarpment is a cuesta formed from these Upper 

Ordovician to Silurian marine units, the less erodible dipping remanent of which has created an 

outcrop belt that extends from the Niagara Peninsula to the Bruce Peninsula and Manitoulin 

Island (Armstrong and Dodge, 2007; Brunton et al., 2009). The approximately 100-meter-thick 

Lower Silurian Lockport Group (Priebe et al. 2018) that comprises the caprock of the 
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Escarpment contains the Guelph, Eramosa, Goat Island, and Gasport Formations, in descending 

order (Figure 2.4). The Niagara Falls Member of the Goat Island Formation (Brunton et al., 

2009; Priebe et al., 2018) outcrops at Crawford Lake (Figure 2.5). It consists of irregularly 

bedded, moderately fossilized grey-brown crystalline argillaceous dolostone with occasional 

chert lenses and is highly concentrated with mineral-filled vugs including calcite, gypsum, and 

fluorite (Armstrong and Carter 2010; Armstrong and Dodge 2007). The Gasport Formation may 

also intersect the ~24 m-deep basin of Crawford Lake; it consists of thick blue grey to pinkish 

grey dolostone, and dolomitic limestones often consisting of a grainstone containing bryozoans, 

corals, and crinoids, and typically displaying horizontal planar lamination, ripple cross 

laminations, and crossbedding (Armstrong and Carter 2010). 
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Figure 2.3 A bedrock geology map of Southern Ontario using the OGS MRD 126-REV database 

(Ontario Geological Survey, 2011). The individual formations of the Lockport Group including 

the Gasport, Goat Island, and Eramosa (in ascending order) are combined into a single unit on 

this map, which outcrops near Crawford Lake. Crawford Lake (43.4720° N, 79.9513° W) is a 

sinkhole dissolved out of the Goat Island and potentially the Gasport Formations of the Lockport 

Group (McCarthy and Krueger, 2016).  

 

 

Figure 2.4 A schematic hydrogeological model of the Early Silurian Lockport Group carbonate 

bedrock that forms the Niagara Cuesta. The schematic model displays the geomorphic and 

geological features (bedrock geology, karstic flow zones, fractures, and sinkholes) that are 

present within the Lockport Group bedrock (Priebe et al., 2018) in which the Crawford Lake 

basin is located (reproduced from Priebe et al. 2018). 
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Figure 2.5 Irregularly bedded, moderately fossilized grey-brown crystalline dolomitic bedrock 

along the boardwalk that surrounds Crawford Lake, which is a sinkhole weathered in Silurian 

caprock of the Niagara Escarpment. Note the very thin soil cover and cedars rooted in bedrock 

fractures and along bedding plains. Photo credit: M. MacKinnon.   
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The bedrock stratigraphy of the Niagara Escarpment dips gently towards the southwest at 

a slope of ~ 0.003–0.006, which is equivalent to a ~ 3–6-meter drop in elevation for every 

kilometer of horizontal distance traveled. Varying resistance of the bedrock units that comprise 

the Niagara Escarpment has influenced the preferential erosion of various units, resulting in the 

formation of the Niagara Escarpment (Johnston et al. 1992; Carter et al., 2019). The slope of the 

dip increases with depth and distance from the Algonquin Arch, reaching 3.5–12 m/km down the 

flank of the arch and towards the Appalachian Basin (Carter 2012; Janzen 2018; Armstrong and 

Carter 2010).  

2.1.2 Surficial Geology  

The upper boundary of the Paleozoic sequences in Southern Ontario is disconformably 

overlain by Wisconsinan glacial till deposited as the Laurentide Ice Sheet (LIS) retreated 

(Gillespie et al 2008). These tills include the coarse-textured Wentworth Till that is the surficial 

unit in the westernmost part of the Crawford Lake, glaciofluvial sediments deposited to the 

southeast of Crawford Lake, and the clayey Halton Till below the Niagara Escarpment in this 

region, deposited by the Ontario Lobe of the LIS (Karrow 1987) (Figure 2.6). At Crawford Lake 

Quaternary sediments form a thin veneer (less then 10 cm) over the dolomitic bedrock as 

fractured, irregularly bedded outcrops of the Goat Island Formation forms the surficial geology 

(Figure 2.5). McAndrews and Boyko-Diakonow (1989) suggested that the sinkhole formed 

when the roof of the karstic cave collapsed when large volumes of cold glacial meltwater flowed 

over the site during the terminal Late Wisconsinan glaciation.  



 19 

 



 20 

Figure 2.6 A) Quaternary geology map of Ontario including a legend indicating the type of till 

or bedrock present (Barnett et al, 1991). B) A larger scale version of part of the map shown in A) 

focusing on the Crawford Lake region (represented by the white and red star). Crawford Lake 

was dissolved in Silurian dolostones of the Niagara Escarpment cuesta and is surrounded by the 

Wentworth Till to the west (#14), by glaciofluvial sediments to the southeast at lower elevations 

(#25), and by the Halton Till (#17) to the east of the escarpment. 

2.1.3 Regional Hydrogeology  

Generally, groundwater flow within the bedrock of Southern Ontario occurs relatively 

horizontal to the dipping bedrock, with the largest flux occurring between the breaks in 

stratigraphy that represent rapid change of deposition mechanics, as well as in regional karstic 

cave systems and bedrock fractures (Figure 2.4) (Priebe et al 2018; Carter 201; Sharpe et al. 

2014). These depositional changes can include variation in sea level, energy levels, and 

proximity to terrestrial sediment output. Groundwater flow can be enhanced by post-depositional 

changes such as diagenesis, karstic dissolution, fracturing, or tectonic uplift. The bedrock 

aquifers are largely recharged from precipitation and snowpack melt that collects in the 

topographically high and vegetated regions (including the Niagara Escarpment) prior to 

infiltrating the thin (less than 10 cm) discontinuous soil cover and into the regional stratigraphy 

(Conservation Halton, 2002).  

Hydrogeochemical stratification occurs in older bedrock found at greater depths as the 

fresh shallower groundwater gradually transitions into more brackish, and sulfurous rich 

solutions (Carter 2012). This transition inhibits the vertical down-dip mixing of meteorically 

recharged groundwater into these more brackish, denser water masses and keeps the flow in the 
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Silurian Lockport Group relatively parallel to the dipping bedrock formations (McIntosh and 

Walter 2006; Hobbs et al. 2011).  

The units that intersect the basin of Crawford Lake are the Lockport Group - the Goat 

Island and possibly the Gasport Formations. The Gasport Formation has the highest hydraulic 

conductivity values within the Lockport Group, with a geometric mean of 5 × 10−5 m/s (Priebe et 

al. 2018). The Goat Island Formation that forms the caprock of the Niagara Escarpment in this 

region (Figure 2.5) is characterized by groundwater flow rates of 7×10−6 m/s (geometric mean 

reported by Priebe et al. 2018). The high hydraulic conductivity reported in these units, which is 

further increased by presence of bedrock fractures, karstic dissolution systems, and 

stratigraphical transitions (Priebe et al. 2018; Brunton, 2009) suggests that groundwater flow is a 

substantial variable in the hydrological interactions at Crawford Lake.  

2.1.4 Background Limnology  

Most lakes are holomictic, meaning that the entire water column experiences a complete 

turnover mixing at least once per year, when temperature throughout the lake becomes 

isothermal (equal in temperature), producing isopycnal (equal in density; ~ 4 °C = highest 

density) conditions that destroy seasonal stratification (Figure 2.7) (Hutchinson 1957; Boehrer 

and Schultze, 2008). Holomictic lakes can be subdivided as monomictic, dimictic, or polymictic 

depending on the number of times water column turnover is induced (Larsen & MacDonald 

1993; Hakala 2004). Monomictic lakes only turnover once in a yearly cycle, while dimictic and 

polymictic lakes turnover two or more times respectively. Figure 2.7 displays the typical 

turnover in dimictic lakes, which are the most common at mid-latitudes, with mixing occurring 
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during the fall and in spring when the lack of thermo-stratification allows for constant 

temperatures to form throughout the water column (Boehrer and Schultze, 2008; Gunther 2016).  

Figure 2.7 Typical water column mixing that occurs twice a year in dimictic (holomictic) lakes 

as the entire water column approaches ~ 4 °C during the spring and fall, while stratification 

develops in summer and winter. During periods of stratification the epilimnion is separated from 

the hypolimnion by the metalimnion, termed the thermocline in this diagram (adapted from 

Gunther 2016). 

The water columns of holomictic lakes are subdivided into three layers; the epilimnion, 

the metalimnion (thermocline in Figure 2.7), and hypolimnion (Hutchinson 1957; Boehrer and 

Schultze, 2008). The uppermost layer, the epilimnion, has the largest degree of seasonal 

temperature fluctuations (reaching the warmest temperatures), typically has the highest pH 
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values, high concentrations of dissolved oxygen as it readily exchanges with the atmosphere, and 

is where the majority of the primary productivity is found. Below this layer there is a zone of 

rapid temperature decrease termed the thermocline, which forms the metalimnion zone. This 

zone separates the warm, less dense waters of the epilimnion, from the colder, more dense water 

mass that sits at the bottom of the lake termed the hypolimnion (Figure 2.7) The density 

variation across these layers results in stratification between the upper water column and the 

deeper hypolimnion (Boehrer and Schultze, 2008). When water temperature in the epilimnion 

decreases during fall, the density of this layer increases destroying the stratification. The 

resulting water column turnover allows for ions, nutrients, and atmospheric oxygen to be 

redistributed and re-introduced into the hypolimnion.  

Some lakes do not fully mix, so ions, nutrients, and dissolved oxygen are not replenished 

from the overlying mixolimnion (epilimnion – hypolimnion) into the permanently stratified 

monimolimnion (Figure 2.8). Lakes that are permanently stratified are termed meromictic 

(Hutchinson 1957; Boehrer and Schultze, 2008). Below the mixolimnion, a sharp increase in 

density (pycnocline) results from different physical and chemical characteristics in the 

monimolimnion. Higher concentrations of accumulating dissolved solids, nutrients, and ions 

produce a chemocline (Anderson et al. 1985) and this variation in density reinforces the 

bathymetric characteristics of the basin (Hutchinson 1957) that inhibit mixing of the entire water 

column (Figure 2.8).  
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Figure 2.8 Typical stratification within a meromictic lake, including the seasonally stratified 

epilimnion, metalimnion, and hypolimnion that make up the mixolimnion, and the dense 

monimolimnion that is permanently isolated along the chemocline. Environmental conditions in 

the mixolimnion are seasonally variable while the monimolimnion remains relatively stable, and 

it is typically anoxic since it is permanently isolated from the atmosphere. The increase in 

dissolved solids, nutrients, and ion components that form the chemocline increase the density 

across this barrier aiding in the formation of the pycnocline in certain instances (adapted from 

Water on the Web 2015, accessed on July 15, 2021; 

https://www.waterontheweb.org/under/lakeecology/05_stratification.html) 

Meromixis typically results in perennially anoxic bottom water in lakes because no 

atmospheric oxygen replenishes the biological oxygen demand created by microbial 

decomposers in the monimolimnion (Zadereev et al.  2017; Anderson et al. 1985). The 

monimolimnion commonly contains a high concentration of methane and/or hydrogen sulfide, 

the result of anaerobic bacterial decay and sulfate reduction (Anderson et al. 1985) giving the 

deep basin water a distinctive ‘rotten eggs’ smell. Water temperature below the chemocline is 
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relatively constant, while the upper mixolimnion fluctuates in water temperature through the year 

due to the influence of atmospheric temperatures and solar radiation (Anderson et al. 1985; 

Boehrer and Schultze, 2008).  

 Crawford Lake is a meromictic lake with a seasonally stratified mixolimnion that is 

permanently isolated from the highly conductive deep basin monimolimnion by a persistent 

chemocline ~ 15–16 meters in the water column (Dickman, 1985; Heyde, 2021). The lake is 

unique, however, as the monimolimnion contains high concentrations of dissolved oxygen, and it 

doesn’t possess redox characteristics typical of meromictic lakes (McCarthy, 2020; Heyde 2021). 

Crawford Lake’s sediments do not emit the sulphuric smell characteristic of anoxic depositional 

environments, nor do sulphides precipitate in the varved sediments that accumulate below the 

chemocline, unlike in typical anoxic lakes where tiny cubes or framboids of pyrite are common, 

especially within the walls of palynomorphs.  A diverse assemblage of zooplankton inhabits the 

monimolimnion of Crawford Lake, migrating to the relatively warm, nutrient-rich, well-

oxygenated waters when water temperature falls in the overlying mixolimnion, and 

phytoplankton availability falls sharply (Heyde 2021). 

2.1.4.1 Groundwater Flow in Meromictic Lakes  

 
 The distribution of temperature and dissolved substances from endogenic cycling (calcite, 

iron, manganese), decomposing organic matter, or from the inflow of groundwater, increases 

water density resulting in stratification across the chemocline/pycnocline (Boehrer and Schultze, 

2008). In Southern Ontario groundwater flow has a consistent temperature ranging from ~ 7-9 °C 

(Sharpe et al., 2014), and therefore it can affect the density profile when introduced into the deep 

basin. The highest density of a water mass based on temperature alone is calculated to be ~ 4°C.  
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 Inflow of groundwater has been found to cause lake stratification due to the geochemistry 

of the regional geology, e.g., through salt deposits (Böhrer et al., 1998; Heidenreich et al., 1999), 

inflow of mineral spring water (Bøyum and Kjensmo, 1970), groundwater contaminated with 

acid rock drainage (Moncur et al. 2006), volcanically active regions (Lorke et al., 2004), or by 

highly alkaline groundwater in limestones (Boehrer and Schultze, 2008; Müller et al., 2016) as is 

the case in Crawford Lake. Calcite cycling from the epilimnion of Crawford Lake into the 

monimolimnion may also be a contributing factor to the stratification across the chemocline 

(Boehrer and Schultze, 2008) and is the focus of Chapter 5 of this thesis.  

2.2 Investigations of Crawford Lake in this thesis 

Monitoring the physicochemical properties of the water column in tandem with the 

chemical analysis of discrete samples from the mixolimnion and monimolimnion across all 

seasons and over several years (from August 2018 to June 2021) allowed the unusual hydrologic 

and hydrogeological interacting system of Crawford Lake to be understood (Heyde, 2021; this 

thesis). Along with the suite of data collected from Crawford Lake, a dataset of regional 

chemistry from groundwater wells (Provincial Groundwater Monitoring Network 2007 – 2018; 

map included in Chapter 4), and precipitation data from Environment and Climate Change 

Canada at a climate station located at the Headon Reservoir (labeled in Figure 2.2) were also 

included in the hydrological analysis (included in Chapter 4). These datasets allow for a 

comparison between the meteoric input the lake receives and the water chemistry of the 

mixolimnion, the monimolimnion, as well as the inlet and surface waters of Crawford Lake.   

It became clear that the monimolimnion of Crawford Lake was not anoxic when physical 

monitoring of the water column, including measurements of dissolved oxygen concentrations, 
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accompanied the collection of cores as part of the initiative to assess the varved sequence as a 

potential Anthropocene GSSP (McCarthy, 2020). This surprising observation is supported by the 

microfossil record of benthic eukaryotes that indicate only rare, short-lived intervals of bottom 

water anoxia (Heyde, 2021; Gushulak et al., 2021). The mechanism that allowed oxygen to enter 

the monimolimnion – whether through periodic weakening of the chemocline, as suggested by 

Ekdahl et al. (2004), or via groundwater as baseflow directly into the deep basin – must be 

understood, along with the implications for ongoing accumulation of undisturbed seasonal 

laminae containing distinctive markers of the Anthropocene (McCarthy et al., in prep.).  

The rare oxygen-saturated nature of Crawford Lake’s deep basin is an attractive feature 

for a proposed GSSP for the Anthropocene, since a primary marker favoured by the 

Anthropocene Working Group of the Subcommission on Quaternary Stratigraphy to formally 

define this potential epoch of geologic time is plutonium (see 

quaternary.stratigraphy.org/working groups/ Anthropocene).  This isotope, deposited worldwide 

as fallout from above-ground thermonuclear tests from the 1950s to mid-1970s (peaking in 1963, 

together with 137Cs), is a useful isochronous marker of the mid-20th century. However, it is 

readily mobilized in the reducing conditions that usually characterize depositional environments 

in which annually laminated sediments are preserved (Geckeis et al., 2016; Francis, 2007).  

Crawford Lake, ~25 km from the industrial city of Hamilton, Ontario, records a range of 

anthropogenic industrial activity that increased dramatically after the Second World War, 

altering Earth systems – the Great Acceleration of Steffen et al. (2015) – including a sharp 

increase in spheroidal carbonaceous particles resulting from incomplete combustion of carbon 

(N. Rose, pers. comm.). Its highly unusual hydrology, together with the added protection of the 

lake by Conservation Halton, and the associated evidence of extensive human impact several 
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centuries prior to European settlement, makes the varved sequence from the deep basin of 

Crawford Lake a prime candidate to define the Anthropocene Epoch (Waters et al. 2018; 

McCarthy et al., in prep.). This study of the hydrology and water chemistry, paired with 

simultaneous studies of plankton and consumers in the same water samples (Heyde, 2021), and 

high-resolution characterization of the seasonally precipitated light-coloured inorganic calcite 

and the dark organic matter derived from productivity within the Crawford Lake ecosystem 

(Lafond et al., in prep.; Llew-Williams et al., in prep – Chapter 5 of this thesis), illustrates the 

unique limnological characteristics that allow varves to accumulate undisturbed below the 

chemocline despite the well-oxygenated nature of the lakebed.  

2.3 The Geomorphology and Geology of the Old Crow Flats  

 Old Crow Flats (OCF) is located within the northern Yukon, centered approximately 55 

km north of the Vuntut Gwitchin First Nation’s village of Old Crow. It represents an extensive ~ 

5600 km2 Arctic wetland and has the highest concentration of wetlands and fluvial systems 

within the Yukon’s ecoregions with ~ 40% surface coverage (Smith et al., 2004; MacDonald et 

al. 2012). The OCF is drained by its numerous tributaries, including Thomas Creek (TC), Black 

Fox Creek (BF), Potato Creek (PC), King Edward Creek (KC), Johnson Creek (JC), and 

Schaeffer Creek (SC) (Figure 2.9) (Turner et al., 2014; MacDonald et al., 2011; Zazula et., 

2004). Water flow along these tributaries begins in the surrounding mountain ranges including 

the British and Barn mountains (north), the Brooks Range (west), the Richardson Mountains 

(east), the Old Crow Range (south-west). Each of these ranges vary in geology and minerology, 

and therefore influences the chemistry of the river water entering the OCF. The tributaries of 

OCF form a headwater system that exports water along the Old Crow River (OR), which the 
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tributaries enter at various points downstream (Figure 2.9), prior to the Old Crow River entering 

the Porcupine and Yukon Rivers downstream 

 

 

Figure 2.9 Regional map of the Old Crow Flats, Yukon, depicting the various catchments and 

sub-catchments, the Old Crow River as well as the major tributaries which drain the landscape 

via the Old Crow River.  The various sampling sites along these networks, as well as the network 

of monitoring lakes in the region (2007–2019) are also depicted. The surrounding mountain 

ranges that are drained by the converging tributaries have also been indicated (adapted from Kay 

et al. in prep).  
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2.3.1 Bedrock Geology of the Old Crow Flats and Surrounding Ranges 

The bedrock of the OCF primarily consists of the carbonate sequences of the Lisburne 

Group, although there is an erosion-resistant shale outcrop in the northern portion of the OCF 

(Morrell and Dietrich 1993; Smith et al., 2004) (Figure 2.10). The British and Barn mountains, 

as well as the Alaskan Brooks Range which surround the OCF to the north consists of 

Proterozoic to Cretaceous sedimentary rocks that have been heavily folded and faulted during the 

Tertiary Period (Lane 1996; Young; 2004). These clastic units include Cambrian sandstones, 

Cambrian-Ordovician clastic limestones, Ordovician–Devonian siltstones and argillites, 

Devonian–Mississippian carbonates, shales, and sandstones (Brooks Range), Carboniferous lime 

mudstones and wackestone, quartz plutons, and various shale and calcareous layers (Lane and 

Cecile 1989; Lane 1991; Mortensen and Bell 1991; Young 2004) (Figure 2.10). The eastern 

Richardson Mountains are formed by clastic units that have been fault thrusted during the 

Cretaceous and Tertiary periods (Smith et al., 2004). The northern portion of this range which 

influences the hydrology of the OCF is made of Paleozoic limestones with surrounding 

Ordovician and Devonian clastic lithologies including shales, siltstones, conglomerates, 

quartzites, and argillites (Colpron et al. 2016; Smith et al., 2004) (Figure 2.10). The 

southwestern Old Crow Range is primarily made from erosion-resistant granites and 

orthoquartzites formed during the Devonian with units of grey to black shales and rare 

stromatolite dolostones (Colpron et al. 2016). The location and geology of these units can be 

seen in Figures 2.10, and are more heavily disucssed in Chapter 6 of this thesis.  
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Figure 2.10 Geological map of the Old Crow Flats and the surrounding mountain ranges that 

delineate the watershed and act as the headwaters of the various tributaries that drain the 

landscape converging on OCF and into the Old Crow River (reproduced from Colpron et al. 

2016). The legend for this geological map of the Old Crow Flats and the surrounding mountain 

ranges have been included in Appendix E of this thesis, along with a Table in Chapter 6.  

2.3.2 Geomorphology and Surficial Geology of the Old Crow Flats  

 Thick layers of sands and silts accumulated in the OCF basin during the Pleistocene, 

covering the Lisburne Group carbonates with approximately 40 meters of sediments (Zazula et 
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al. 2004). The OCF remained unglaciated by the Laurentide Ice Sheet (LIS) during the 

Wisconsinan Period (Zazula et al., 2004; Zazula and Froese, 2013). However, the Late 

Quaternary advancements of the LIS to the eastern slope of the Richardson Mountains 

periodically blocked the pre-glacial drainage of the OCF eastward through the McDougall Pass 

into the Mackenzie Delta via the paleo-Porcupine River (Lemmen et al., 1994; Duk-Rodkin and 

Hughes, 1995) (Figure 2.11). The periodic blocking of the drainage outlet resulted in the 

cyclical formation of a massive ~ 13,000 km2 glacial Lake Old Crow, covering ~ 2.3 times the 

area of the modern-day OCF, prior to the eventual shoreline erosion and drainage through the 

Upper Ramparts ~15,000 yBP (Zazula et al., 2004) (Figure 2.11). This massive erosional event 

created the modern westward flow of the Porcupine River, eventual merging with the Yukon 

River down system. Glacial Lake Old Crow was relatively short lived prior to draining as 

indicated by radiocarbon dating, covering the landscape between ~20,000 – 15,000 yBP (Zazula 

and Froese, 2013). The various deep stages of Glacial Lake Old Crow allowed for the deposition 

of ~ 10 meters of glaciolacustrine sediments (sands, silts, and clays) over the ~ 40 meters 

deposited during the Pleistocene (Roy-Léveillée and Burn, 2010). Due to the northern latitude of 

OCF (67.4411° N), these Quaternary sediment sequences have become permafrost filled and 

have been measured to extend ~ 60 meters in depth at certain points (EBA, 1982a). The thawing 

of these permafrost filled soils facilitates the pooling of water and the formation of numerous 

thermokarst lakes (Zazula et al, 2004; Smith et al., 2004; Bouchard et al., 2016) (Figure 2.12).  
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Figure 2.11 Advancement of the Laurentide Ice Sheet ~ 30 to 17 ka BP (A) periodically blocked 

the pre-glacial drainage of the OCF through the McDougall Pass (B) resulting in the formation of 

Glacial Lake Old Crow. Thick glaciolacustrine sediments were deposited in this lake basin until 

the erosional drainage event that took place at the Upper Ramparts (B), forming the modern 

westward flowing system of the Porcupine River (B). Sourced from Zazula and Froese, 2013 (A) 

and Zazula, 2004 (B).  

 

 

 

 

 

 

 



 34 

Figure 2.12 Formation of thermokarst lakes (bottom to top) displaying the thawing of permafrost 

soils and ice wedges, the pooling of excess water, and resultant water body (Matuszewski 2017).  

With increasing temperatures and/or precipitation, these thermokarst lakes are 

increasingly prone to expansion and drainage that is representative of shoreline permafrost 

degradation (Smith et al., 2005; Hinkel et al., 2007; Jones et al., 2011; Grosse et al., 2013; Arp et 

al., 2018; Nitze et al., 2018a; Turner et al, 2013; Nitze et al., 2020). The lateral draining of the 

shallow thermokarst lakes in OCF into the river network that has been incised into the 

Quaternary sediments can occur in response to multiple processes (Lantz and Turner 2015; 

MacDonald et al., 2012; Turner et al, 2014). Wet conditions during prolonged precipitation and 

snowmelt can increase lake volumes beyond maximum capacity when regulation channels are 

blocked by ice or snow (Nitze et al., 2021; Mackay 1988; Yoshikawa and Hinzman, 2003; 

Hinkel et al., 2007; Marsh et al., 2009; Jones et al., 2020a; Carroll et al 2011; Jones et al 2020; 

Jones and Arp 2015; Labrecque et al 2009; Pastick et al 2018; Rowland et al 2010; Smith et al 

2005). The increase in lake volume paired with the blocking of outlet channels has been found to 

cause bank overflow, channel formation, and the destabilization of shorelines (Jones and Arp 

2015; Mackay 1988). Warmer temperatures and increased precipitation have also been found to 

thaw interconnected ice wedges further increasing the connectivity between the thermokarst 

lakes and the drainage networks (Nitze et al., 2021).  

In OCF, thermokarst lakes are perched above the incised drainage network and are prone 

to increasing connectivity and rapid drainage if expansion occurs towards low-lying areas. In 

certain permafrost rich environments vertical drainage of thermokarst lakes occurs through talik 

formation (ex. Yoshikawa and Hinzman, 2003). This is the process where permafrost-filled 

sediments underlying thermokarst lakes or rivers thaw, providing a pathway for internal lake 
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drainage and groundwater connectivity. Talik drainage is likely not an influential factor in OCF 

(Turner et al., 2013, 2014; Lauriol et al., 2009) due to the approximately 60 meters of 

glaciolacustrine permafrost-filled clays that underlie the OCF (Smith and Burgess, 2002; EBA, 

1982a), in which both the impermeable clay sediments, and the continuous presence of 

permafrost inhibit vertical drainage.  

 The surficial sedimentation and geomorphology of OCF and the surrounding headwater 

ranges (in addition to the bedrock of these ranges) is an important component to this research, as 

these characteristics have a significant influence on the variation in hydrology and geochemistry 

across this landscape as it responds to climate changes. The presence of permafrost in the 

Quaternary sediments that form OCF influence the lateral drainage of lake water as permafrost 

thawing continues to occur with rising temperatures and precipitation events. These 

glaciolacustrine sediments influence the modern drainage of the OCF as the converging drainage 

network has been incised below the perched lakes into these erodible sediment layers. The 

geology of both the OCF and the surrounding ranges influences the Old Crow River network, as 

hydrological processes erode the minerology of the bedrock and glaciolacustrine sediments, 

altering the water chemistry signatures downstream across the tributaries.  
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Chapter 3 Detailed Field & Laboratory Methods in the Study of Crawford Lake   

3.1 Scope of this study 

Physical parameters, stable isotopes (δ18O and δ2H), and major ion and nutrient samples 

were monitored and analysed from August 2018 to September 2021 to investigate the unique 

hydrology and hydrogeology of Crawford Lake. Additionally, groundwater chemistry data from 

wells (6) near Crawford Lake were downloaded from the Provincial Groundwater Monitoring 

Network (PGMN; map included in Chapter 4) and transformed into Piper Plots. Piper plots show 

the relative abundances of major cations (Na+ + K+, Ca2+, and Mg2+) and anions (Cl- + F-, HCO3- 

+ CO32-, and SO4-) transformed into meq/L, plotted in separate ternary diagrams, and then 

projected on a diamond grid to show similar chemical signatures in relative percentages (Piper, 

1944) (Figure 3.1).  Conductivity values collected from the Horiba U-5000 probe in Crawford 

Lake were averaged over the sampling timeline and compared to conductivity values collected 

from the 6 PGMN wells. Precipitation chemistry obtained by Environment and Climate Change 

Canada from the Headon Reservoir (~ 15 km from Crawford Lake; Figure 2.2) between January 

2018 and December 2019 was also included in the analysis.  
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Figure 3.1 The hydro-chemical distribution of major cation and anion chemistry, and the 

resultant dominant water type displayed on the larger diamond grid. Piper plots (Piper, 1944) 

display the dominant water characteristics using the relative abundance (% meq/L) of major ions 

and cations, transformed from mg/L to meq/L when divided by the equivalent weight (eq wt. = 

molecular weight/valence). Reproduced from Hatari Labs (https://hatarilabs.com/ih-en/what-is-a-

piper-diagram-and-how-to-create-one) accessed December 15, 2021. 

3.2 Water Sampling & Physical Profile Collection 

The collection of water samples and physical parameter data from Crawford Lake 

required a variety of season-dependent methods.  Research carried out during the open-water 

seasons required a rowboat (Figure 3.2) that was stored for the duration of the research project 

by Conservation Halton at their Mountsberg Field Office and transported to and from the 

lakeshore by their staff prior to fieldwork, as well as a Zodiac inflatable motorboat transported 
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from Brock University when heavy and awkward strings of sediment traps were deployed and 

sampled (August 2020, June 2021, and September 2021).  The water column was the most 

accessible when safe ice cover and ice augers, both handheld and motor powered, allowed for a 

more stable sampling platform (Figure 3.2). Access to Crawford Lake in certain months was 

impeded by unsafe ice cover that did not allow for boat or ice access, as well as Covid-19 

restrictions on travel and field work.  

A) 

B) 
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Figure 3.2 Seasonal dependent sampling methods demonstrating the sampling of the water 

column using a rowboat (A) (photo captured by M. MacKinnon, July 2021), and sampling from 

thick layer of ice coverage (B) (photo captured by R.T. Patterson, February 2019) 

 

A Horiba U-5000 multiprobe sensor was used to monitor physical water parameters, 

including temperature (°C), pH, dissolved oxygen concentration (mg/L), and electrical 

conductivity (μS/cm) from Crawford Lake’s water column. These parameters were recorded on 

the water using a notebook during 12 sampling dates between August 2018 and September 2021 

(Table 3.1). Monitoring typically occurred at a 1-m interval, with an increased sampling interval 

of 0.5 m between around the chemocline (14-18 m) in June of 2021, facilitated by marking the 

cable at these intervals, and an integrated depth sensor. During October 2020 undergraduate 

students used the Horiba probe for monitoring and only collected values at 0, 5, 12, and 18 m. 

These values were added in the larger dataset although not at the typical resolution. The depth of 

the chemocline was established by the consistent increase in electrical conductivity (μS/cm) 

found between 15-16 m using the Horiba multiprobe, confirming what was previously 

established in the literature (i.e., Dickman, 1985). The 1-m sampling interval was generally 

consistent, unlike the sampling used for chemical analysis due to the low cost associated with 

Horiba monitoring compared to chemical laboratory analysis. 

 

 

Table 3.1 List of sampling dates and the type of analysis done at Crawford Lake including 

physical parameter monitoring (Horiba), sampling for chemical analysis, and for stable water 

isotopes. Also included in the table is the seasonal method of sampling including by boat or 

using the ice coverage as seen in Figure 3.2. Chemical analysis was not performed in September 

of 2021 as this was completed during September of 2019 and 2020.   
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Date 
Horiba 

Monitoring 

Chemical 

Analysis 

Stable Water 

Isotope Analysis 

Sampling by Boat or Ice 

Coverage 

15-Aug-2018 X Pre-chem analysis  Boat 

20-Feb-2019 X X  Ice 

13-Sep-2019 X X  Boat 

01-Oct-2019 X X  Boat 

29-Nov-2019 Broken X X Boat 

19-Feb-2020 X X  Ice 

17-Jun-2020 X X X Boat 

23-Jul-2020 X X X Boat 

20-Aug-2020 X X  Boat 

17-Sep-2020 X X  Boat 

15-Oct-2020 X X  Boat 

18-Jun-2021 X X  Boat 

17-Sep-2021 X Redundant  Boat 

 

Prior to every sampling expedition, the Horiba U-5000 was calibrated using the probe’s 

simultaneous auto calibration feature, allowing the pH, conductivity, and turbidity sensors to be 

calibrated in a pH4 standard solution, while the dissolved oxygen and depth sensors were 

simultaneously calibrated in air.  Prior to calibrating, the Horiba multiprobe was left on for the 

required 30 minutes needed for the dissolved oxygen sensor to stabilize and was rinsed a 

minimum of two times with distilled water. The transparent calibration container was first filled 
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with pH4 standard solution (after being cleaned with distilled water) to the “with TURB” gauge 

line. The probe was then inserted in the transparent calibration container, ensuring that the pH, 

ORP, reference electrode, COND, TURB, and TEMP sensor were submerged, and that no air 

bubbles were present.  The clear container was then inserted into the black calibration cup, prior 

to undergoing the “auto calibration” feature on the probe when the sensors stabilized, and light 

had been eliminated. The calibration is completed when the Horiba U-5000 displays the message 

"Cal complete. MEAS to measure." (Horiba 2009; https://www.instrumart.com/assets/Horiba-

U50-Manual.pdf).    

 

 A Kemmerer water sampler with a weight-released two-way seal allowed water samples 

to be collected from discrete depths in the water column during 11 sampling dates between 

February 2019 and June 2021 (Table 3.1). Calibrated depth markers along the rope allowed for 

quick and accurate sampling vertically above the deep basin of Crawford Lake, with variety of 

sampling depths and intervals taken depending on the month and points of interest (i.e., 

epilimnion, chemocline, monimolimnion, and/or inlet & outlet). The points of interest evolved 

with the research, as zones of consistent geochemistry, and rapid variation (hypolimnion to 

monimolimnion) became apparent. Water was not collected at 1-m intervals as was seen in the 

Horiba monitoring as the cost associated with chemical analysis was much higher than physical 

parameter monitoring.  

 

After collection the water samples were transferred onsite into two types of previously 

rinsed bottles: clear HDPE (high density polyethylene) 1-L and 500-mL bottles. New sampling 

bottles were rinsed with distilled water while previously used bottles were cleaned with a diluted 
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HCl (10%) solution, and then rinsed with distilled water. A single sample was taken for chemical 

analysis at each pre-determined depth. The 1-L bottle samples were briefly stored in a dark 

cooler until they were delivered to E3 Labs located in Niagara on the Lake for analysis of the 

major ion concentrations, while the 500 mL samples underwent stable water isotope analysis 

(specifically δ18O and δ2H) at the Biogeochemical Analytical Service Laboratory (BASL) at the 

University of Alberta, and at the Ján Veizer Stable Isotope Laboratory (JVSIL) at the University 

of Ottawa. The Crawford Lake samples underwent standard methods for analysis at E3 Labs, 

including the APHA 2320B (mod) titration method to measure alkalinity, the APHA 4500 

methodology for nutrient analysis, EPA method 6010C for Mg2+, Na+, Ca2+, and K+ 

concentrations, and HACH methods 8113, 8029, and 8051 for Cl-, Fl-, and SO4- analysis 

respectively (APHA 1992; EPA 2007; Hach Company 2018). 

Averaged values for the various water column layers including the epilimnion (~ 0–5.5 

m), metalimnion (~ 5.5–12.5 m), and hypolimnion (~ 12.5–15.5 m) that comprise the 

mixolimnion (~ 0–15.5 m), as well as the deeper monimolimnion (~ 15.5–23 m), include all 

samples collected during the 11 sampling dates, except for those collected from 22 m depth in 

June 2020. The anomalous results from this analysis were excluded from averaged values 

presented, although they are shown in chemistry figures (Chapter 4 Figure 4.4) and in the 

appendices (Appendix A, Table A.5) as these values seemed to have been compromised during 

sampling, either incorporating deep basin sediments into the sample, or possibly the result of the 

Kemmerer cable being caught and collecting water from a shallower depth.  
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3.3 Isotope Analysis Preparation  

 Water samples were collected down the water column of Crawford Lake using a 

Kemmerer, stored in 500 mL bottles, and were analysed for stable isotope ratios following the 

November 2019, February 2020, and June 2020 sampling trips (Table 3.1).  Samples collected 

on November 2019 were prepared at Brock University and delivered to the Biogeochemical 

Analytical Service Laboratory (BASL) at the University of Alberta for δ18O (‰VSMOW - 

Vienna Standard Mean Ocean Water) and δ2H (‰VSMOW) analysis. All subsequent samples 

were sent to the Ján Veizer Stable Isotope Laboratory (JVSIL) at the University of Ottawa due to 

the closer proximity. The δ18O (‰VSMOW) and δ2H (‰VSMOW) ratios were calculated using 

the laser absorption method via a Picarro Water Isotope Analyzer at the Biogeochemical 

Analytical Service Laboratory (BASL) at the University of Alberta, and by a Triple Isotope 

Water Analyzer (TIWA-45EP) by Los Gatos Research (LGR) at the Ján Veizer Stable Isotope 

Laboratory at the University of Ottawa (Ján Veizer Stable Isotope Laboratory 2020).   

 

 Water samples collected in November 2019 for analysis of stable water isotopes were 

taken at 2-m intervals along 10 to 20 meters of depth, focusing on the transition across the 

chemocline (mixolimnion and monimolimnion). Surface water isotope samples were obtained 

during the February and July 2020 sampling dates to determine any potential influence from 

seasonal meteoric intrusion. The sampling interval during February 2020 was taken every 2 m, 

ranging from 0-22 m depth, while July sampling occurred at a 5-m interval (0-20 m) to reduce 

analytical costs.   

 



 44 

 Preparation of these stable water isotope samples required zero head space within the 

HDPE bottle during initial collection and storage to prevent atmospheric exchange.  In order to 

complete the suite of stable water isotope analysis solid capped I-Chem Amber Glass 40 mL 

vials from Thermo Fisher Scientific were utilized. The samples processed for δ18O (‰VSMOW) 

and δ2H (‰VSMOW) ratios required filtration with a 0.45-µm syringe, did not require 

acidification, and were sent in the solid capped amber vials with zero headspace (Ján Veizer 

Stable Isotope Laboratory 2020). Stable water isotope values are expressed as δ-values 

representing the deviation (per mil ‰) from the VSMOW such that:  

 

Equation 3.1: 

 

δsample = ((Rsample / RVSMOW) – 1) x 103 

 

• where R is the 18O/16O or 2H/1H ratio in sample and VSMOW 

 

The analytical precision was reported as +/- 0.1‰ for δ18O and +/- 0.3‰ for δ2H (BASL), 

and as +/- 2.0‰ for δ2H and +/- 0.1‰ for δ18O (Ján Veizer Stable Isotope Laboratory 2020; 

BASL 2020).  Prior to the stable water isotope analysis at the Ján Veizer Stable Isotope 

Laboratory, three standards samples were tested. This process was repeated in between the 

analysis of each sample, and a blind standard was included in the analysis for accurate results.  

Each sample and standard were injected ten times during analysis. The initial four results from 

these samples and standards were discarded, and the remaining six injections were averaged, and 

included as the reported value (Berman et al., 2013). The methods of using standards were not 
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provided by the BASL in their report, however their methods of using blanks, and standards 

followed the Laser Spectroscopic Analysis methods provided by the International Atomic 

Energy Agency (IAEA 2009; BASL 2020).  

3.4 Dissolved Organic Carbon (DOC) and Dissolved Inorganic Carbon (DIC) Sampling 

and Analysis  

 On September 17, 2020, water samples were collected and analysed for their dissolved 

organic carbon (DOC), dissolved inorganic carbon (DIC), particulate organic carbon (POC), as 

well as macro-organic samples (plant matter). These samples were collected to identify and 

explain the old carbon reservoir effect found in the radiocarbon analysis of the deep basin varved 

sediments (see Chapter 1: Table 1.1). The reservoir effect is evident in the radiocarbon ages of 

varves deposited before ~1950 CE that are influenced by the carbonate bedrock, displaying ages 

much older than those interpreted from the varve counts and paleolimnological proxies. Varved 

sediments deposited after ~1952 CE show a clear bomb effect, displaying radiocarbon ages that 

are much younger than previously calculated (Table 1.1).  

 

 DOC, DIC, and POC samples were collected from 2 and 18 meters of depth in Crawford 

Lake using a Kemmerer bottle to identify any variation across the stratified chemocline. DIC 

samples were transferred into four 250 mL Kimble Bottles (two per depth) that prior to sampling 

were soaked in 10% HCl for an hour (along with bottle caps), rinsed with Milli-Q water and 

baked at 500 ˚C for 3 hours following standard methods. Water was filtered on site until no 

headspace was available (allowed to overflow), through a pre-baked (500 ˚C for 3 hours) 0.45-

µm glass fiber filter that was later submitted for the PIC (along with a pre-baked unsampled 
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blank filter for calibration). These DIC samples were preserved after filtration using a dropper 

bottle of a prepared saturated mercuric chloride (HgCl2) solution and kept away from light. 

Preservation was completed using a single drop of the HgCl2 solution per sample following the 

standard protocol from the André E. Lalonde AMS Laboratory, 2020.  Preservation was 

completed using a single drop of the HgCl2 solution per sample.  HgCl2 was prepared by adding 

50 mL of distilled water to an eye dropper and slowly adding in HgCl2 powder until dissolution 

no longer occurred (André E. Lalonde AMS Laboratory 2020).  

 

 DOC samples were transferred from the Kemmerer into four 1L HDPE bottles (two per 

depth), that were soaked in 10% HCl, rinsed with distilled water, and allowed to air-dry (along 

with bottle caps). Water was similarly filtered through a separate pre-baked (500 ˚C for 3 hours) 

0.45 µm glass fiber filter and kept within a cooler during and prior to shipping to prevent 

microbial degradation. Macro-organic samples (plant matter) were collected from the shoreline 

of Crawford Lake and sent along with the other samples for analysis. DOC, DIC, and POC 

radiocarbon analyses was performed at the André E. Lalonde AMS Laboratory using standard 

methods.  

3.5 Langelier Saturation Index Calculations  

The Langelier Saturation Index (LSI or LI) calculations predict water's ability to either 

precipitate or dissolve calcite (CaCO3) out of, or into solution. Langelier (1936) developed an 

equation to calculate the pH at which water reaches the saturation point of calcium carbonate 

(pHs) using water temperature, alkalinity (mg/L CaCO3), Ca2+ concentration (mg/L), measured 

pH, and total dissolved solids (TDS mg/L) (Langelier 1936,1946). A conversion factor between 
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the conductivity measured with the Horiba probe and TDS was performed using an online LSI 

calculator (Lenntech, 2021), as TDS was not monitored in the field as this was not thought of 

until later in the sampling timeline. The saturation index is defined as the difference between the 

measured pH and the saturation pHs (see Equation 3.2). 

Equation 3.2:   

LSI = pH – pHs 

• where if pHs is equal to pH the solution is balanced 

• if pHs < pH precipitation occurs  

• and if pHs > pH dissolution occurs (Langelier, 1936 and 1946).  

The pHs is typically calculated using Equation 3.2, with these factors using conversion 

charts, or in the case of this study, an online calculator (Lenntech 2021; Hatch Method 8073, 

2021). The conversion charts that accompany these parameters have been included in Appendix 

B as they were not used in this study.  

Equation 3.3.    

pHs = A + B – C – D 

• where A is equal to a temperature factor 

• B is a factor derived from the TDS/conductivity 

• C is calculated from the concentration of calcium (mg/L) 

• D is obtained from the alkalinity measurements (mg/L CaCO3)  



 48 

These calculations were only completed for the sampling days where both Horiba 

measurements and chemical analysis occurred (all but August 2018, November 2019, and 

September 2021; Table 3.1) and focused on the depths from which the Kemmerer samples were 

taken as these were the limiting factor. Both chemical and Horiba analysis was required as 

having only one type of analysis did not fulfil all parameters needed for LSI calculations. LSI 

calculations would typically be performed the day chemical analysis was returned from E3 Labs, 

typically within a week of when samples were collected and delivered for analysis. These 

calculations gave an approximate seasonal and depth window in which calcite precipitates out of 

solution in Crawford Lake, prior to falling through the water column and slowly contributing to 

the lightly coloured layer of the varved laminations in the monimolimnion. The formation of 

these varved laminations, the months in which calcite precipitate likely occurs, and the analysis 

of sediment traps and varve subsamples is the focus of Chapter 5 in this thesis.  

3.6 Calculating the Volume of Crawford Lake and Various Depth Intervals  

Using the contour map of Crawford Lake (adapted from Boyko 1973) (Figure 3.3), ~ E-

W and ~ N-S trending bathymetric profiles were constructed (Figure 3.3) and used to calculate 

the area of each approximately ellipse-shaped contour using Equation 3.4. This information was 

used to calculate the volume of each 3 m interval (i.e., 0–3 m, 3-6 m, 6–9 m, etc.), and therefore 

the volume of the mixolimnion and the monimolimnion using Equation 3.5 (Taube 2000). 
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Figure 3.3 A) A bathymetry profile of Crawford Lake (adapted from Boyko, 1973) was used to 

construct ~ S-N (A – A’; B) and ~ W-E (B – B’; C) bathymetric cross-section profiles. Gray 

stippling in A) was used to identify the areal extent of the monimolimnion-hosting deep basin, 

the location of the varved lamination, the location of the freeze core collected in 2011, and the 

sediment traps deployed through the 2021 water year noted. The blue lines indicate the transect 

used to make the bathymetric profiles. Grey shading in B) and C) represent the extent of the 

epilimnion (white), metalimnion (lightest grey), hypolimnion (darker grey), and the 

monimolimnion (darkest grey).  
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Equation 3.4:   

𝐴 = 	𝜋𝑎𝑏  

• Where A = area of an ellipse representative of the approximate area of a contour interval 

• a = the radius of the long axis contour interval meaning half of the distance each contour 

interval spans along the S-N axis (example – the zero contour spans ~ 280 meters 

therefore a = ~ 140 m)  

• b = the radius of the short axis contour interval meaning half of the distance each contour 

interval spans along the W-E axis   

Equation 3.5: 

𝑉 = !
"
𝐻(𝐴1 + 𝐴2 +	-(𝐴1 + 𝐴2		) 

• Where V = volume of water  

• H = difference in depth between two successive depth contours  

• A1 = area of the lake within the outer depth contour being considered  

• A2 = area of the lake within the inner depth contour being considered 

3.7 Delineating the Watershed of Crawford Lake  

The spatial extent of the Crawford Lake watershed was estimated through manually 

digitizing. The topographic highs surrounding the lake were identified and connected. It was 

assumed that this area provided a general location of source waters to Crawford Lake. The 

contour map used for these processes was provided by the Ministry of Natural Resources and 

Forestry (Figure 3.4) (accessed: 
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https://www.lioapplications.lrc.gov.on.ca/MakeATopographicMap/index.html?viewer=Make_A

_Topographic_Map.MATM&locale=en-CA).    

 

Figure 3.4 Regional contour map of the area surrounding Crawford Lake, as well as the 

distribution of the Niagara Escarpment, and Nassagaweya Canyon that separates the escarpment 

from the Milton Outlier (Limestone Creek). The approximate watershed area of Crawford Lake 

is displayed within the blue shape, outlined by the topographic highs of the region (Source: 

Ministry of Natural Resources and Forestry). 

 

The catchment area was calculated using the Ministry of Natural Resources and 

Forestry’s built-in area and distance calculator (results in an area of ~ 1.52 km2 or ~ 152 

km1.5

 

Legend

Notes:

The Ontario Ministry of Natural Resources and Forestry shall not be liable in any way for 
the use of, or reliance upon, this map or any information on this map.  This map should 
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© Copyright for Ontario Parcel data is held by Queen’s Printer for Ontario and its licensors and may 
not be reproduced without permission.

Imagery Copyright Notices: Ontario Ministry of Natural Resources and Forestry; NASA Landsat 
Program; First Base Solutions Inc.; Aéro-Photo (1961) Inc.; DigitalGlobe Inc.; U.S. Geological 
Survey.

© Queen's Printer for Ontario, 

Projection: Web Mercator0
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hectares). Boyko (1973) calculated the catchment area as ~ 85 Ha and not ~ 152 Ha using the 

methods above. As her thesis is available only in libraries that have been inaccessible during the 

Covid-19 pandemic, the methods used in her watershed delineation are not known to us. The use 

of modern computer calculations and mapping program gives confidence in these modern 

estimates for catchment size. Continued catchment delineation using GIS analysis is underway to 

increase the confidence and accuracy in this measurement. 

3.8 Research at Old Crow Flats  

 All data used in the analysis of the Old Crow River and its network on major tributaries 

was collected prior to this thesis project beginning. Due to Covid-19 the research trip that was 

initially scheduled for the summer of 2020 was cancelled, and research in the following summer 

no longer aligned with the timeline of this thesis. Contributions to the OCF portion of this thesis 

were focused on identifying how the reported climate-induced landscape changes, including 

increased permafrost thaw, hydrological connectivity, and rapid drainage events are being 

recorded by the OCF river network through the utilization of stable water isotopes, and major ion 

and nutrient chemistry. This was completed using the longterm hydrological and geochemical 

dataset sampled from across the OCF river network between 2007 and 2019.  R studio was used 

for creating the isotope and PCA figures. A geological bedrock map was used to identify the 

geology of the various mountain ranges that form the headwaters. The general minerology of 

these headwater ranges was then compared to the chemical signatures recorded from across the 

river network.  A more detailed description of the methods used in their research sampling trips 

in OCF has been provided in Chapter 5 of this thesis where the findings and conclusion of the 

river monitoring are described. 
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Chapter 4 Saturated, stable, and stratified: groundwater–surface water interactions 

producing a rare oxygenated monimolimnion in the meromictic Crawford Lake  

4.1 Introduction 

Crawford Lake is a small (~ 2.4 Ha) meromictic lake located approximately 50 km 

northwest of Toronto and only 1 km from the Niagara Escarpment cuesta (Figure 4.1). Crawford 

Lake is hydrologically open, forming part of the Bronte Creek catchment, which itself is a sub-

catchment of the Lake Ontario basin (see Chapter 2, Figure 2.2). A spring-fed stream enters the 

lake at the northern shore and outflow is to the south through a wetland. The lake occupies a ~24 

m-deep sinkhole that was formed through karstic dissolution of the carbonate bedrock of the 

Silurian Lockport Group. The Goat Island Formation outcrops bedrock around Crawford Lake, 

and based on the local stratigraphy, the underlying Gasport Formation likely transects the basin 

at depth (see more on the bedrock geology in Chapter 2). These bedrock formations are 

disconformably covered by thin, highly discontinuous glacial drift deposited during the Late 

Wisconsinan around the lake and east to Nassagaweya Canyon although a thick deposit of 

coarse-textured Wentworth Till, overlies the Silurian dolomite in the westernmost part of the 

Crawford Lake catchment, where Iroquoian longhouses have been reconstructed by 

Conservation Halton. Glaciofluvial sediments (sands and gravels) are exposed to the southeast of 

Crawford Lake, and the extensive clayey Halton Till is found above Ordovician shales below the 

Escarpment (Karrow 1987; see more on regional surface geology in Chapter 2). Drift is 

extremely discontinuous and thin, (a few centimeters in thickness, with numerous erratics of the 

local dolomitic bedrock - see Figure 2.5). 
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Figure 4.1 A) Map of North America showing the location of Crawford Lake and surrounding 

landmarks. B) Regional map of Southern Ontario displaying the proximity of the study site to the 

Niagara Escarpment, the Milton Outlier, and the cities of Toronto, Hamilton, and St. Catharines, 

Ontario. C) Map showing the proximity of Crawford Lake to Nassagaweya Canyon, a re-entrant 

valley that separates the Milton Outlier from the Niagara Escarpment ~ 1 km east of Crawford 

Lake. 

The varved sediments that accumulate in the deep basin of Crawford Lake are one of 12 

potential reference sections (including Global boundary Stratotype Sections and Points - GSSPs) 

currently being evaluated to define the Anthropocene formally (Waters and Turner 2020; Waters 

et al. 2019). The annual resolution afforded by these varves, consisting of alternating layers of 

organic detritus and inorganic calcite, that record markers of the Great Acceleration and 

atmospheric thermonuclear testing of the mid-20th century is a critical feature. The preservation 
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of these varves was long attributed to bottom water anoxia, however, the recent documentation 

of a relatively rich and diverse assemblage of zooplankton inhabiting the monimolimnion 

(Figure 4.2), where measurements of dissolved oxygen through the 2020 water year were always 

> 5 mg/L, suggests that the hydrology of this meromictic lake is unique (Heyde 2021). In typical 

meromictic lakes, deep basin anoxia results from microbial activities including respiration and 

detrital decomposition that act as an oxygen sink (biological oxygen demand – BOD), the output 

of which is not replenished below the permanent chemocline due to the lack of turnover 

(Zadereev et al.  2017). The resulting anoxia inhibits eukaryotic life in the monimolimnion, since 

the threshold for aerobic respiration is generally being reported as > 2 mg/L of dissolved oxygen, 

although values of DO less than 5 mg/L have been reported to negatively impact some aquatic 

invertebrates (Saari, et al. 2018). The reports of metabolically active zooplankton cladocerans 

and rotifers by Heyde (2021) and Mazumder (1983) swimming in monimolimnion samples are 

inconsistent with the anoxic conditions that were long assumed to exist below the chemocline 

(e.g., Dickman, 1979, 1985).  
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Figure 4.2 Cross-sectional profile of the meromictic Crawford Lake in the dolomitic sinkhole 

(bathymetric profile reconstructed using contours of Boyko 1973). Stratification of the water 

column is depicted by shading, with the darkest gray identifying the monimolimnion (with a 

thriving zooplankton population during the winter months) beneath the permanent chemocline, 

and successive grey shading identifying the overlying hypolimnion, metalimnion and epilimnion 

within the seasonally stratified mixolimnion. Varve couplets accumulate below the chemocline, 

while bioturbated organic marl accumulates beneath the mixolimnion (modified from Heyde 

2021). 

 

There are two mechanisms that could introduce dissolved oxygen into the 

monimolimnion. One mechanism is weakening of the chemocline (that forms the pycnocline) 

allowing oxygen-rich surface waters into the monimolimnion. This was suggested by Ekdahl et 

al. (2007) to explain the slight disturbance of varves by ‘microturbation’ (bioturbation by 

microscopic nektobenthic ostracods) following the abandonment of the Iroquoian settlement that 

was occupied in the catchment between ~1268–1486 A.D (see Figure 1.1). The second 

mechanism is oxygen added to the monimolimnion as baseflow, as suggested by Heyde (2021). 

Multiple highly conductive groundwater flow zones identified within the Lockport Group 

(Brunton 2009; Priebe et al. 2018) could explain the recharge of oxygen into the atmospherically 

isolated monimolimnion and the unique hydrology of this meromictic lake. This study explores 

both possibilities, defining water masses using several years of physical and chemical data from 

the water column as well as inflow and outflow from this open lake. The chemistry of the 

monimolimnion was then compared with groundwater, available from a network of regional 

groundwater monitoring wells (PGWM from the Ministry of the Environment, Conservation and 

Parks 2021).   
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4.2 Materials and methods  

Water samples were collected from the surface, through the mixolimnion, across the 

chemocline, and into the monimolimnion of Crawford Lake for analysis of nutrients (TN and 

TP) and major cations and anions between February 2019 and June 2021 (11 surveys; see Table 

3.1). Additional samples were collected from the inlet stream, a groundwater recharge spring 

upstream of the inlet, and the outlet, during six sampling trips between May 2020 and June 2021 

(see Table 3.1; Figure 4.3). Water samples were collected using a Kemmerer sampler, with a 

two-way seal that ensured accurate and discrete sampling (detailed field, laboratory, and 

analytical methods can be found in this thesis, Chapter 3; sampling depths along with complete 

results can be found in Appendix A). Samples collected for major ion analysis were transferred 

from the Kemmerer on site into pre-rinsed 1 L HPDE bottles, stored in a dark cooler, and 

analysed at E3 Labs (Niagara on the Lake, ON) using standard methods:  

 

• Nutrients (TP, TN): APHA method 4500 

• Major cations (Mg2+, Na+, Ca2+, and K+): EPA method 6010C 

• Major anions (Cl-, Fl-, and SO42-): HACH methods 8113, 8029, and 8051 (APHA, 

1992; EPA, 2007; Hach Company, 2018) 

• Alkalinity: APHA 2320B (mod) titration method  
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Figure 4.3 Map showing the location of Crawford Lake in relation to the inlet, ephemeral 

upstream of the recharge spring, and the outlet that were sampled for their physical and chemical 

characteristics. This map illustrates the inlet extending farther upstream than the recharge spring, 

however, during the sampling months this was not evident. Also shown is the lake’s proximity to 

a reconstructed Iroquoian village to the northwest, and a boarded walkway surrounding the lake 

(green line). Source: adapted from Google Maps.  

 

Measurements of temperature (°C), conductivity (μS/cm), dissolved oxygen (DO – mg/L), 

and pH were collected from the water column of Crawford Lake, as well as the inlet, recharge 

spring, and outlet, using a Horiba multi-parameter water quality meter on 12 occasions between 

August 2018 and September 2021, with 10 of these sampling trips occurring between September 

2019 and September 2021 (see Table 3.1; Figure 4.3). These properties were taken at each 

metre of depth except in October of 2020 and June of 2021. In October 2020 measurements were 

only taken at 0, 5, 12, and 18 m by undergraduate students on a field camp trip. During June of 
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2021 the monitoring interval was increased to every 0.5 m between 14 and 18 m. The increased 

monitoring interval around the chemocline was obtained to support the contents collected from 

sediment traps installed in August 2020 and sampled on June 18, 2021 (as well as September 17, 

2021). The mixolimnion was identified as the zone above the sharp chemocline established at 

about 15–16 m, overlying the monimolimnion (Dickman, 1985; Heyde, 2021). The Horiba U-50 

multi-parameter water quality meter probes were calibrated prior to each survey using the 

simultaneous auto calibration feature for the pH, conductivity, and turbidity sensors in a pH 4 

standard solution, while dissolved oxygen and depth sensors were calibrated in air (Horiba 2009; 

https://www.instrumart.com/assets/Horiba-U50-Manual.pdf).  

 

Stable water isotopes (δ2H and δ18O) were analysed in samples collected in November 

2019, October 2020, and July 2020 (see Table 3.1). Samples collected for stable water isotope 

analysis δ18O (‰VSMOW) and δ2H (‰VSMOW) were transferred from the Kemmerer sampler 

on site into 500 mL HDPE bottles (leaving zero headspace), prior to being filtered in the lab with 

a 0.45-µm syringe filter, left un-acidified, and transferred into 40 mL solid capped I-Chem 

Amber Glass Thermo Fisher Scientific vials required for transporting and processing (Ján Veizer 

Stable Isotope Laboratory 2020). Samples collected in November 2019 were prepared at Brock 

University and delivered to the Biogeochemical Analytical Service Laboratory (BASL) at the 

University of Alberta for isotopic analysis using the laser absorption method via a Picarro Water 

Isotope Analyze (BASL 2020).  Subsequently, all isotope samples were sent to Ján Veizer Stable 

Isotope Laboratory at the University of Ottawa to undergo analysis via a Triple Isotope Water 

Analyzer (TIWA-45EP) by Los Gatos Research (LGR) (Ján Veizer Stable Isotope Laboratory 

2020). Stable water isotope results are expressed as δ-values that represent the deviation (per mil 
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– ‰) from the Vienna Standard Mean Ocean Water (VSMOW) such that δsample = ((Rsample / 

RVSMOW) – 1) x 103, where R is the 18O/16O or 2H/1H ratio in sample and VSMOW.  The 

analytical precision was reported as +/- 0.1‰ for δ18O and +/- 0.3‰ for δ2H (BASL 2020), and 

as +/- 0.1‰ for δ18O and as +/- 2.0‰ for δ2H (Ján Veizer Stable Isotope Laboratory 2020; BASL 

2020).   

 

Before the stable water isotope samples were processed at the Ján Veizer Stable Isotope 

Laboratory, three standards were tested, and a blind standard was included in the analysis for 

accurate results.  Additionally, each sample and standard were injected ten times, with the results 

from the initial four discarded, and the remaining six averaged as the reported value (Berman et 

al., 2013). This information was not provided by the BASL, however their methods of using 

blanks, and standards followed the Laser Spectroscopic Analysis methods provided by the 

International Atomic Energy Agency (IAEA 2009; BASL 2020).  

4.3 Results  

4.3.1 Physical monitoring of Crawford Lake 

           Physical parameters collected from Crawford Lake’s water column using the Horiba 

multiprobe between August 15, 2018, and September 17, 2021 (see Table 3.1) have been plotted 

according to sampling depth to show the seasonal and spatial trends associated with temperature, 

conductivity, DO, and pH (Figure 4.4). These parameter profiles use a grey scale to indicate the 

various layers of the mixolimnion (epilimnion, metalimnion, and hypolimnion), separated from 

the underlying monimolimnion. The values from each of these layers collected from the Horiba 

multiprobe monitoring have been averaged and included in Table 4.1, along with the maximum 
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range in each layer. Additionally, the interannual variation of these physical parameters taken in 

months sampled across multiple years have been included in later tables (Tables 4.2 – 4.5).  

 

Metalimnion 

Hypolimnion 

Monimolimnion 

Epilimnion 
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Figure 4.4 Depth profiles of temperature (A), conductivity (B), dissolved oxygen (C), and pH 

(D) collected during 12 surveys through the water column of Crawford Lake via a Horiba 

multiprobe water quality meter. Profiles show seasonal variation within the epi-, meta-, hypo- 

and monimolimnion, with solid line in C indicating lower DO limit for aquatic eukaryotes. Box 

and Whisker plots of these physiochemical trends are also provided in Appendix A, Figure A.1. 

 

Table 4.1. Summary table of temporal and depth variation in physicochemical parameters 

measured in Crawford Lake between August 2018 and September 2021. Complete dataset 

available in Appendix A, Tables A.1-4. Box and Whisker plots displaying these trends are also 

provided in Appendix A, Figure A.1. 

 

 
Sample 

Size (n) 

Temp. (oC) 

(mean / range) 

DO (mg/L) 

(mean / range) 

pH 

(mean / range) 

Cond. (µS/cm) 

(mean / range) 

Epilimnion 

0–5.5 m 
68 17.7 / 1.8–25.4 12.1 / 6.2–20.0 7.7 / 6.9–8.5 569.4 / 514–641 

Metalimnion 

5.5–12.5 m 
78 10.0 / 4.5–19.5 11.7 / 6.3–19.3 7.1 / 6.7–7.9 641 / 543–700 

Hypolimnion 

12.5–15.5 m 
38 6.4 / 4.7–8.0 8.7 / 5.3–12.2 6.8 / 6.1–7.5 716 / 612–1110 

Monimolimnion 

15.5–23 m 
78 6.3 / 5.3–7.2 8.2 / 4.6–11.4 6.1 / 5.8–6.8 1920 / 741–2870 

 

4.3.1.1 Temperature (°C) 

Water temperature profiles collected from the mixolimnion of Crawford Lake display 

strong seasonal trends that are highly influenced by the spatial proximity to the atmosphere 

(Figure 4.4 A). The widest range of water temperature in Crawford Lake was measured in the 

epilimnion (1.8–25.4 °C; Table 4.1), the result of variation in local atmospheric climate 

throughout the yearly cycle. Due to the combining influence of depth and seasonal factors on the 

water temperature in the mixolimnion (0-15.5 m), separating these two influences from one 
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another above the chemocline is not possible.  However, below the chemocline seasonal 

temperature variation on the monimolimnion was negligible as there is no interaction with the 

seasonally influenced water column above. This resulted in almost no variation in water 

temperature measured below the zone of stratification (5.3–7.1 °C; Table 4.1).  

 

From ice-off, the epilimnion was relatively isothermal (equal in temperature) with the 

rest of the water column, rising through the spring and summer and cooling through the fall, 

again becoming isothermal (Figure 4.4 A). With ice-on, the coldest water temperatures were in 

the near surface (2–4 °C), with a gradual warming in the water column below 3 m being 

observed during the winter period (5–6 °C) (Table 4.1). During the ice-free period, a 

thermocline was established between 5.5–12.5 m, forming the metalimnion, with the strongest 

thermoclines seen during June–August sampling trips (Figure 4.4 A). From 12.5 m to the lake 

bottom (12.5–23 m), through the hypolimnion and monimolimnion, the water column is 

relatively stable throughout an annual cycle (Table 4.1), with little seasonal effect on the 

hypolimnion (4.7–7.7 °C) and almost none on the monimolimnion (~ 5–7°C) (Table 4.1).   

 

There was little interannual variation evident in water temperatures collected between 

months repeatedly sampled across 2019–2021 (Table 4.2; Appendix A Figure A.2). Months 

that were sampled more than once included February (2019 and 2020), June (2020 and 2021), 

September (2019, 2020, and 2021), and October (2019 and 2020). Between the February 

sampling dates the maximum difference between averaged water temperature (0.4 °C) was found 

in the hypolimnion (Table 4.2). Between the two June dates, the widest range in averaged values 

(1.9 °C) was measured in the epilimnion (Table 4.2). The August dates had a maximum average 
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temperature difference of 1.3 °C, also found in the epilimnion (Table 4.2). Among the three 

September samples the widest variation in average temperature was in measured in the 

metalimnion between the 2019 and 2021 trips, with a spread of 5.7 °C (Table 4.2). Lastly, the 

two October trips had a maximum average spread of 2.7 °C, measured in the epilimnion (Table 

4.2).  

 

Table 4.2. Interannual variation in mean monthly measurements of water temperature through 

the water column of Crawford Lake. Complete dataset available in Appendix A, Table A.1, 

along with Box and Whisker plots summarizing these trends available in Appendix A, Figure 

A.2.  

Temperature 

(oC) 

 

February 

2019/2020 

(n) 

 

June 

2020/2021 

(n) 

 

August 

2018/2020 

(n) 

 

September 

2019/2020/2021 

(n) 

 

October 

2019/2020 

(n) 

Epilimnion 

0–5.5 m 

3.8 / 4.1 

(12) 

18.1 / 20.0 

(12) 

24.5 / 23.2 

(12) 

19.4 / 19.6 / 22.2 

(18) 

17.8 / 15.1 

(8) 

Metalimnion 

5.5–12.5 m 

4.5 / 4.8 

(14) 

9.2 / 9.8 

(14) 

12.1 / 12.4 

(14) 

9.2 / 13.3 / 14.9 

(21) 

8.6 / 8.0 

(8) 

Hypolimnion 

12.5–15.5 m 

4.8 / 5.2 

(6) 

6.4 / 6.3 

(11) 

6.5 / 7.1 

(6) 

5.9 / 7.1 / 7.7 

(9) 

6.0 / –  

(3) 

Monimolimnion 

15.5–23 m 

6.1 / 6.1 

(16) 

6.2 / 6.0 

(20) 

6.2 / 6.5 

(13) 

5.8 / 6.5 / 6.6 

(16) 

6.4 / 6.8 

(7) 

 

4.3.1.2 Conductivity (µS/cm) 

 
Depth profiles of total ionic content, expressed as electrical conductivity (µS/cm), were 

sampled between August 2018 and September 2021, and show no clear seasonal trends (Figure 

4.4 B). Variation was negligible between the epilimnion and metalimnion (0 – 12.5 m) ranging 
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from 514 to 700 µS/cm, with average values of ~ 570 µS/cm in the epilimnion and ~ 641 µS/cm 

in the metalimnion (Figure 4.4 B, Table 4.1). There is a consistent rapid increase in conductivity 

between ~ 15 and 16 m which defines the chemocline, and the zone of permanent density 

stratification (pycnocline) where average concentrations in the monimolimnion increase to 

~1920 µS/cm, ranging between 741 and 2870 µS/cm. During both ice-on and ice-free periods, no 

evidence of active mixing or overturn between the low conductivity surface waters and the high 

conductivity waters of the monimolimnion was observed.  Minor seasonal changes in the 

monimolimnion may reflect variations in bottom water recharge rates. 

 

Interannual variation in average electrical conductivity for the same February, June, 

August, September, and October dates displayed in Table 4.2 are shown in Table 4.3. The 

largest variation in averaged electrical conductivity was consistently found in the 

monimolimnion, with the two February dates having a 47 µS/cm spread, the June samples 

having an averaged difference of 244 µS/cm, August samples having a 138 µS/cm difference, 

Septembers samples measuring 306 µS/cm apart (2019 and 2020), and a 365 µS/cm difference 

between both October samples (Table 4.3; Appendix A, Figure A.2).  

 

 

 

 

Table 4.3. Interannual variation in mean monthly measurements of electrical conductivity 

through the water column of Crawford Lake. Complete dataset available in Appendix A, Table 

A.1, along with Box and Whisker plots summarizing these trends available in Appendix A, 

Figure A.2. 
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Conductivity 

(µS/cm) 

February 

2019/2020 

(n) 

June 

2020/2021 

(n) 

August 

2018/2020 

(n) 

September 

2019/2020/2021 

(n) 

October 

2019/2020 

(n) 

Epilimnion 

0–5.5 m 

582 / 590 

(12) 

572 / 596 

(12) 

586 / 535 

(12) 

570 / 539 / 565 

(18) 

576 / 559 

(8) 

Metalimnion 

5.5–12.5 m 

596 / 617 

(14) 

650 / 647 

(14) 

666 / 663 

(14) 

657 / 631 / 657 

(21) 

669 / 676 

(8) 

Hypolimnion 

12.5–15.5 m 

630 / 672 

(6) 

812 / 680 

(11) 

724 / 727 

(6) 

731 / 732 / 681 

(9) 

878 / - 

(3) 

Monimolimnion 

15.5–23 m 

2160 / 2113 

(16) 

1772 / 1528 

(20) 

2252 / 2114 

(13) 

1660 / 1966 / 1846 

(16) 

2235 / 1870 

(7) 

 

4.3.1.3 Dissolved Oxygen (mg/L) 

 
Dissolved oxygen (DO) concentrations displayed seasonal variation, particularly in near 

surface waters of the epilimnion (Figure 4.4 C). In the epilimnion, there was a subtle seasonally 

controlled, inverse relationship between DO and temperature as colder temperatures allowed for 

more dissolved oxygen to be held in the water column (Figure 4.5). This resulted in the highest 

DO measured below the ice in February of 2019 and 2020 (~17.5 and ~16.1 mg/L) when 

temperatures were < 4 °C, while lowest DO (6.2 mg/L) was measured in August 2018 when 

temperatures were ~25 °C. Except for high DO recorded below the ice in both February 2019 and 

2020 (~18 mg/L), the highest concentrations of dissolved oxygen were found in the metalimnion 

layer (5.5–12.5 mg/L) due to high rates of photosynthesis and lower concentrations of consumers 

between spring and fall turnover (Heyde, 2021). Specifically, these peaks were found in the 5.5–

10 m zone of the metalimnion, with DO declines in the hypolimnion (Table 4.4 C). In the 

monimolimnion, DO concentrations showed a slight seasonal response, but remained oxic (DO > 
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4.55 mg/L) during all seasons (Figure 4.4 C). While DO was slightly lower in the 

monimolimnion of Crawford Lake than in the hypolimnion, it was consistently above the 

threshold for anoxia (2 mg/L), and was only below the highest published threshold for hypoxia 

(5 mg/L according to Saari et al. 2018) during June 2021, when values fell to 4.55 mg/L.   

 

Figure 4.5 Averaged temperature and dissolved oxygen (DO) values collected from the water 

column in Crawford Lake during repeated months. These plots display the subtle seasonal 

relationship between these two parameters in the epilimnion, where warmer temperatures result 

in slightly lower DO concentrations (February), and colder temperatures result in higher DO 

concentrations (August). The larger interannual variation (Table 4.4) during the months of 

August and September slightly obscures these trends.  

 

DO concentrations remained relatively consistent during the months sampled in 

subsequent years, except between August 2018 and 2020 (Table 4.4; Appendix A Figure A.2). 
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Between the February sampling dates the maximum difference in average DO was found in the 

metalimnion with a small spread of 0.6 mg/L (Table 4.4). Between both June dates the largest 

averaged difference was 4.3 mg/L measured in the monimolimnion (Table 4.4). August 2018 

and 2020 displayed a large variation between average DO concentrations, the largest of which 

was found in the epilimnion (7 mg/L: Table 4.4). The largest variation in average concentrations 

between the three September samples (4.6 mg/L) was found in the metalimnion between 2019 

and 2021 (Table 4.4). The two October sampling dates did not show a lot of interannual 

variation, with the largest averaged difference being measured in the metalimnion, equaling 0.6 

mg/L (Table 4.4).  

 

Table 4.4. Interannual variation in mean monthly measurements of dissolved oxygen 

concentration through the water column of Crawford Lake. Complete dataset available in 

Appendix A, Table A.1, along with Box and Whisker plots summarizing these trends available in 

Appendix A, Figure A.2. 

DO 

(mg/L) 

February 

2019/2020 

(n) 

June 

2020/2021 

(n) 

August 

2018/2020 

(n) 

September 

2019/2020/2021 

(n) 

October 

2019/2020 

(n) 

Epilimnion 

0–5.5 m 

15.1 / 14.7 

(12) 

13.2 / 14.5 

(12) 

6.4 / 13.4 

(12) 

12.3 / 10.9 / 11.0 

(18) 

10.5 / 10.9 

(8) 

Metalimnion 

5.5–12.5 m 

13.6 / 13.0 

(14) 

11.1 / 13.4 

(14) 

9.0 / 13.2 

(14) 

14.0 / 10.1 / 9.4 

(21) 

9.2 / 9.8 

(8) 

Hypolimnion 

12.5–15.5 m 

11.5 / 11.9 

(6) 

8.3 / 6.0 

(11) 

6.2 / 10.2 

(6) 

10.1 / 9.3 / 7.0 

(9) 

9.6 / – 

(3) 

Monimolimnion 

15.5–23 m 

10.1 / 10.3 

(16) 

9.3 / 5.0 

(20) 

6.1 / 9.3 

(13) 

9.8 / 9.2 / 5.6 

(16) 

9.4 / 8.9 

(7) 
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4.3.1.4 pH 

 

Negligible seasonal variations in pH were observed, but decreases with depth, especially 

across the chemocline, were evident (Figure 4.4 D, Table 4.1). In the epilimnion, pH values 

were slightly elevated, with average values of ~7.7. pH averaged close to neutral (~7.1) in the 

metalimnion, becoming slightly acidic in the deeper hypolimnion (mean ~6.7) and 

monimolimnion (mean ~ 6.1) respectively.  

 

Between 2018 and 2021 there is an overall trend of increasing pH demonstrated by the 

months sampled in subsequent years (Table 4.5; Appendix A Figure A.2). The largest change 

in average pH between February sampling dates was 0.5, measured in the epilimnion (Table 

4.5). Between June 2020 and 2021 there was a minimal change in pH, displaying a maximum 

averaged change of 0.2 in the epilimnion, the hypolimnion, and in monimolimnion (Table 4.5). 

An even smaller change in averaged pH was measured between August 2018 and 2020, 

decreasing by 0.1 in the epilimnion (Table 4.5). The largest interannual variation between the 

September dates was measured in the hypolimnion (Table 4.5), increasing by 0.5 between 

September 2019 and 2021. Between October 2019 and 2020 the widest variation in averaged pH 

was 1, measured in the metalimnion (Table 4.5) 

 

 

Table 4.5. Interannual variation in mean monthly measurements of pH through the water column 

of Crawford Lake. Complete dataset available in Appendix A, Table A.1, along with Box and 

Whisker plots summarizing these trends available in Appendix A, Figure A.2. 
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pH 

February 

2019/2020 

(n) 

June 

2020/2021 

(n) 

August 

2018/2020 

(n) 

September 

2019/2020/2021 

(n) 

October 

2019/2020 

(n) 

Epilimnion 

0–5.5 m 

7.2 / 7.7 

(12) 

7.9 / 7.7 

(12) 

7.7 / 7.6 

(12) 

7.5 / 7.9 / 7.7 

(18) 

7.6 / 8.5 

(8) 

Metalimnion 

5.5–12.5 m 

6.8 / 7.2 

(14) 

7.2 / 7.2 

(14) 

7.0 / 7.0 

(14) 

6.9 / 7.2 / 7.2 

(21) 

6.8 / 7.8 

(8) 

Hypolimnion 

12.5–15.5 m 

6.8 / 6.9 

(6) 

6.7 / 6.9 

(11) 

6.6 / 6.6 

(6) 

6.4 / 6.6 / 6.9 

(9) 

6.4 / – 

(3) 

Monimolimnion 

15.5–23 m 

5.8 / 6.1 

(16) 

6.2 / 6.4 

(20) 

5.9 / 5.9 

(13) 

6.0 / 6.0 / 6.1 

(16) 

5.9 / 6.7 

(7) 

 

             4.3.1.5 Major Ions and Nutrients  

 
Routine analyses of major ions and nutrients (including Ca+2, Mg+2, alkalinity, Na+, Cl-, 

SO42-, K+, TP, and TN) were conducted on discrete water samples collected from the surface to 

lakebed during 11 surveys between February 2019 and June 2021 (Table 3.1; Figure 4.6). For 

most variables, little change was observed with depth in the epilimnion (0–5.5 m), metalimnion 

(5.5–12.5 m) and hypolimnion (12.5–15.5 m). Concentrations of divalent cations (Ca+2 and 

Mg+2) and alkalinity (HCO3-+CO3-2 expressed as CaCO3) increased across the strong chemocline 

that was evident based on conductivity (Figure 4.4 C), while other ions decreased in 

concentration in the monimolimnion (Figure 4.6). Table 4.6 shows averages for parameters 

sampled in the mixolimnion (0–15.5 m) and monimolimnion (15.5–23 m). Variables including 

alkalinity, calcium, magnesium, and potassium, consistently increased in concentration across 

the chemocline, while sodium, chloride and sulfate concentrations had changed little or were 

slightly lower (Figure 4.6). Nutrient concentrations (total phosphorus/TP and total nitrogen/TN) 
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also increased sharply in the monimolimnion (Table 4.6). The sample collected at 22 meters in 

June 2020 was not included in the statistical analysis (Table 4.6) but was included in the figures 

of major ion and nutrients chemistry (Figure 4.6). This sample was rejected due to 

inconsistencies in the trends displayed across all parameters, where the sample appears to have 

incorporated water from an incorrect depth (~16 m) and was not representative of the typical 

water mass at 22 m depth.  
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Figure 4.6 Profiles of ion and nutrient concentrations in the water column of Crawford Lake. 

The effects of permanent stratification at the chemocline are clear, with much higher Ca+2 and 

Mg+2 (and hence, alkalinity) as well as nutrients (TP, TN) and K+, but lower Na+ in the 

monimolimnion (darkest grey shading). Concentrations of Cl- and SO4-2 are more variable within 

the monimolimnion but, as with the other aspects of water chemistry, measured concentrations of 

Cl- and SO4-2 are relatively stable within the mixolimnion. Complete dataset available in 

Appendix A, Table A.5, along with Box and Whisker plots summarizing these trends available in 

Appendix A, Figure A.3. 

 

Table 4.6 Variation in mean concentration of chemical parameters sampled from the 

mixolimnion and monimolimnion of Crawford Lake. Complete dataset available in Appendix A, 

Table A.5, along with summary Box and Whisker plots available in Appendix A, Figure A.3. 

 

 

     4.3.2 Crawford Lake surface water recharge and discharge 

 An inlet stream is a major source of surface water runoff from the catchment into 

Crawford Lake (Figure 4.3). This inlet stream is also spring fed, with observations of 

groundwater seeping along bedding planes in the Goat Island Formation upstream throughout the 

(mean / 

range) 

Sample 

Size (n) 

 

Na+ 

(mg/L) 

 

K+ 

(mg/L) 

 

Mg2+ 

(mg/L) 

 

Ca2+ 

(mg/L) 

 

Cl- 

(mg/L) 

 

SO42- 

(mg/L) 

 

Alk 

(mg/L) 

 

TP 

(mg/L) 

 

TN 

(mg/L) 

Epi- 

(0-5.5 m) 
17 

16.44 / 

14.8–18.7 

1.49 / 

0.8–5.0 

32.76 / 

31.5–34.6 

55.74 / 

48.4–66.2 

28.14 / 

24.4–36.8 

16.72 / 

12.3–21.3 

255.65 / 

226–290 

0.02 / 

<0.02–0.05 

0.37 / 

0.02–0.62 

Meta- 

(5.5-12.5 m) 
15 

18.37 / 

15.4–21.1 

1.47 / 

1.0–2.0 

33.97 / 

31.9–36.0 

66.08 / 

49.4–79.1 

33.49 / 

27.4–39.4 

18.02 / 

12.8–23.8 

288.2 / 

251–312 

0.02 / 

<0.02–0.06 

0.55 / 

0.39–0.79 

Hypo- 

(12.5-15.5 m) 
10 

19.74 / 

18.2–23.0 

1.59 / 

1.3–2.4 

34.20 / 

32.7–36.0 

72.2 / 

65.9–84.6 

37.02 / 

32.2–44.8 

19.87 / 

12.2–23.2 

306.10 / 

296–327 

0.04 / 

<0.02–0.07 

1.44 / 

0.53–4.1 

Monimo- 

 (15.5-23 m) 
20 

12.23 / 

6.2–17.4 

7.88 / 

33.6–47.8 

41.1 / 

33.6–47.8 

146.7 / 

79–215 

32.26 / 

16.1–44.8 

10.69 / 

<10.0–34.0 

848.4 / 

326–1410 

12.79 / 

1.02–29.2 

93.15 / 

9.13–210 
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sampling timeline (Figure 4.3 & 4.7; see map in discussion). There was no observation of 

stream flow upstream from the recharge zone (Figure 4.3 & 4.7), differing from the map 

introduced in the methods which was adapted from Google Maps. This is indicative of the 

shallow groundwater source of this stream in a very small catchment. The inlet water contained 

high concentrations of nutrients and major ions (Table 4.7), with a relatively elevated average 

conductivity of about 747 (µS/cm). Inlet stream waters were slightly alkaline (pH ~ 7.2) and 

oxic, with DO concentrations exceeding 9.8 mg/L (Table 4.8). Temperatures in the inlet showed 

little seasonal fluctuation between August 2020 and October 2020, as well as in June of 2021 

ranging between ~11.8 and ~15.8 °C (Table 4.8). Similar values of chemical and physical 

parameters were measured in the spring feeding the inlet of Crawford Lake (Figure 4.6; Table 

4.8). Water exiting Crawford Lake via an outlet stream was analysed and found to be 

representative of surface waters in the epilimnion, with elevated nutrient (TN & TP), ion, and 

DO concentrations (average = ~10.2 mg/L), along with a basic pH (average of ~7.4), but 

conductivity was relatively low (~530 µS/cm) (Table 4.8). The months when each of these 

locations were sampled are shown in Table 4.9. A surface flow model showing the 

physiochemistry of the recharge zone, the inlet, the epilimnion, the outlet, and the average 

precipitation data from the Headon Reservoir (also shown in Figure 2.2) is included in the 

discussion of this chapter.  
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Figure 4.7 Photo of Brendan Llew-Williams monitoring the recharge spring using a Horiba 

multiprobe in June 2021. Upwelling captured here occurs upstream of where the inlet flows into 

the northern shore of Crawford Lake. Image captured by Mike MacKinnon.  

 

Table 4.7. Concentration of chemical parameters measured from the inlet, outlet, and spring of 

Crawford Lake. Complete dataset available in Appendix A, Table A.6. 

Source 
(mean / 
range) 

Sample 
Size (n) 

Na+ 
(mg/L) 

K+ 
(mg/L) 

Mg2+ 
(mg/L) 

Ca2+ 
(mg/L) 

Cl- 
(mg/L) 

SO42- 
(mg/L) 

TP 
(mg/L) 

TN 
(mg/L) 

Inlet 
Stream 6 17.0 / 

10.2–21.9 
1.43 / 

0.9–2.5 
35.2 / 

31.6–37.2 
80.0 /  

54.5–87.4 
36.1 /  

18.6–46.4 
28.8 / 

16.5–36.7 
0.03 / 

<0.02–0.06 
2.03 / 

0.20–5.61 

Spring 3 19.7 / 
18.1–22.6 

1.33 / 
1.0–2.0 

36.5 / 
33.8–39.6 

79.0 /  
63.5–87.9 

36.9 / 
31.4–42.6 

27.3 /  
19.5–33.3 

0.05 / 
0.04–0.07 

2.17 / 
1.08–3.51 

Outlet 
Stream 4 17.2 / 

12.0–23.5 
1.33 /  

0.8–2.2 
35.0 / 

33.4–38.1 
71.3 / 

50.2–89.2 
31.2 / 

23.8–41.0 
20.7 /  

14.8–34.8 
0.05 / 

<0.02–0.15 
1.05 / 

0.27–2.82 

 
Epilimnion 

(ice-free 
season) 

14 16.2 /  
14.8–18.2 

1.47 /  
0.8–5.0 

32.69 / 
31.5–34.6 

54.0 / 
48.4–60.0 

28.2 / 
24.4–36.8 

16.3 / 
12.3–21.3 

0.035 / 
<0.02–0.05 

0.34 /  
0.02–0.53 
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Table 4.8. The average value and range of temperature, DO concentration, pH, and conductivity 

monitored within the inlet, outlet, and spring of Crawford Lake. The recharge spring was only 

sampled on one occasion during the sampling timeline, taking place in August of 2020.  

 

 
Sample Size 

(n) 
Temp. (°C) 

(mean/ range) 
DO (mg/L) 

(mean/ range) 
pH 

(mean/ range) 
Cond. (µS/cm) 
(mean/ range) 

Inlet 
Stream 

4 14.2 / 11.8–15.8 11.4 / 9.8–15.0 7.2 / 6.5–7.9 747 / 722–783 

Spring 1 16.2  7.4  7.4  728  

Outlet 
Stream 2 15.5 / 13.4–17.5 10.3 / 9.8–10.8 7.4 / 6.7–8.24 530 / 487–572 

Epilimnion 
(ice-free 
season) 

56 20.7 / 13.6–25.4 11.5 / 6.2–20.0 7.8 / 7.2–8.5 565 / 514–641 

 

Table 4.9 The sampling months included in the analysis for the inlet, recharge spring, and outlet 

averaged in Tables 4.7 and 4.8.  

 

 

        4.3.3 Stable Water Isotopes (δ2H, δ18O) 

 
Source 

 
Horiba Monitoring  Chemical Analysis  

Inlet Stream August 2020, September 2020, October 2020, 
June 2021  

May 2020, June 2020, August 2020, September 
2020, October 2020, June 2021  

Spring August 2020 August 2020, September 2020, October 2020 

Outlet 
Stream 

September 2020, October 2020 May 2020, June 2020, September 2020, October 
2020  
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Lake water samples were collected and analysed for stable water isotopes (δ2H, δ18O) in 

November 2019, February 2020, and July 2020. Results from each survey were compared by 

sampling depths to identify seasonal and depth related trends in δ2H and δ18O (‰ VSMOW). 

Higher (heavier) stable water isotope values are associated with enriched (in terms of the heavier 

isotope) rainfall and evaporative processes while isotopically lighter (more negative) values 

display the influence of isotopically depleted snowmelt (Craig 1961), and potential groundwater 

intrusion. Annually, precipitation in Southern Ontario isotopically ranges from approximately -

96.2 to -65.2‰ δ2H and -12.9 to -9‰ δ18O (Bowen 2019; 

https://wateriso.utah.edu/waterisotopes/pages/data_access/figure_pgs/n_america.html), with the 

lighter values representing snowfall, and the heavier rainfall.  

 

 In the samples collected from Crawford Lake there was a consistent decrease in both 

stable water isotope values from the highly variable surface zone (epilimnion) through the 

mixolimnion into the monimolimnion (Figure 4.8). In this bottom zone, the greatest difference 

in both δ2H and δ18O was found around the chemocline (except for February 2020) (Figure 4.8; 

Table 4.10).  Under ice-cover (February 2020), surface waters showed the lightest δ2H values 

(average of -66.5‰) which were similar to those measured at 18 and 20 m (average of -66.6‰). 

Heavier values (averaging -64.7‰) were found in the 5.5–12.5 m metalimnion zone at this time 

(Figure 4.8). In July 2020, heavier values were found for both isotopes in the epilimnion (mean 

values of -63.0‰ δ2H and -9.33‰ δ18O) in contrast to 5–10% lower values in the bottom waters 

(mean values of -67.0 ‰ δ2H and -10.3‰ δ18O).  In general, water sampled below ~15.5 m in 

this stable and stratified bottom zone contained lighter isotopic averages (-65.8‰ δ2H and -9.9‰ 

δ18O) than those seen in the mixolimnion (-64.7‰ δ2H and -9.4‰ δ18O).  
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Figure 4.8 Stable water isotope – depth profiles showing the changes in δ18O (‰ VSMOW) and 

δ2H (‰ VSMOW) values in the water column of Crawford Lake showing the effects of seasonal 

factors, particularly in the epilimnion (no shading). 

 

Table 4.10. Average stable water isotope concentrations sampled within epilimnion, 

metalimnion, hypolimnion, and monimolimnion of Crawford Lake. Complete dataset available 

in Appendix A, Table A..7. 

 

 

November 2019 
(mean/range) 

February 2020 
(mean/range) 

July 2020 
(mean/range) 

δ2H  
(‰ 

VSMOW) 

δ18O  
(‰ 

VSMOW) 

n 
(each) 

δ2H  
(‰ 

VSMOW) 

δ18O  
(‰ 

VSMOW) 

n 
(each) 

δ2H  
(‰ VSMOW) 

δ18O  
(‰ 

VSMOW) 

n 
(each) 

Epi- 
0–5.5 m 

 –  – 0 -66.5 / 
-68.9– -64.1 

-9.39 / 
-10.0– -8.80 

3 -63.0 / 
-66.1– -59.9 

-9.33 / 
-9.90– -8.77 

2 

Meta- 
5.5–12.5 m 

-62.2 / 
-62.3– -62.1 

-8.92 / 
-9.02– -8.92 

2 

 
-64.7 / 

-66.7– -63.4 
 

-9.16 / 
-9.60– -8.63 

4 
 

-65.7  
 

-9.82  1 

Hypo- 
12.5–15.5 

m 
-62.8  -9.16  1 

 
-65.8  

 
-9.60  1 -67.1 -10.4  1 

Monimo- 
15.5–23 m 

-64.5 / 
-65.7– -63.7 

-9.53 / 
-9.64– -9.44 

3 -66.6 / 
-67.5– -65.4 

-10.0 / 
-10.2– -9.80 

4 -67.0  -10.3  1 
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4.4 Discussion 

     4.4.1 Assessing the relative importance of meteoric, surface, and groundwater to 

Crawford Lake 

To assess the relative importance of meteoric water, precipitation samples analysed by 

Environment Canada (2018-2019) at the nearby Headon Reservoir ~ 15 km from Crawford Lake 

(see Figure 2.2) were compared. The chemical characteristics of both the mixolimnion and 

monimolimnion differ substantially from meteoric input at the Headon Reservoir (Table 4.11). 

The precipitation samples collected between January 2018 and December 2019 generally had no 

seasonal variation, had average concentrations below 1 mg/L for magnesium, calcium, sodium, 

chloride, TN, TP, and potassium, and an average conductivity of ~8.3 μS/cm (Figure 4.9; Table 

4.11). These precipitation samples are chemically dilute compared to the ion and nutrient content 

of Crawford Lake water samples (Figure 4.6; Table 4.6). The variation between the chemistry 

of the regional precipitation and that of the lake water, indicates that precipitation is a minor 

constituent of the hydrology of Crawford Lake, whose catchment is only ~1.52 km2. Lower 

concentrations of ions and conductivity in the epilimnion (0-5.5 m) and the outlet compared to 

deeper waters (particularly across the chemocline) are evidence of dilution by meteoric input 

(Table 4.7). The chemical and physical characteristics of the inlet closely resemble those of the 

spring that seeps into the stream, however, indicating that the system is primarily groundwater 

fed (Figure 4.9; Table 4.11).  
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Table 4.11. Average distribution of regional precipitation chemistry collected from the Headon 

Reservoir by Environment Canada (January 2018 – December 2019). Complete dataset available 

in Appendix A, Table A.8. 

 

 

Sample 
Size 
(n) 

Na+ 
(mg/L) 

 
(mean / 
range) 

K+ 
(mg/L) 

 
(mean / 
range) 

Mg2+ 
(mg/L) 

 
(mean / 
range) 

Ca2+ 
(mg/L) 

 
(mean / 
range) 

Cl- 
(mg/L) 

 
(mean / 
range) 

SO42- 
(mg/L) 

 
(mean / 
range) 

TP 
(mg/L) 

 
(mean / 
range) 

TN 
(mg/L) 

 
(mean / 
range) 

24 0.12/ 
<0.01–0.28  

0.02/ 
<0.01–0.05 

0.05/ 
0.02–0.09 

0.27/ 
0.10–0.78  

0.16 / 
0.04–0.46 

0.83 / 
0.50–1.51 

0.44 / 
0.22–0.65 

0.01 /  
0.002–0.26 
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Figure 4.9 Hydrological data from Crawford Lake and the surrounding catchment including inlet 

and outlet chemistry (A), surface water Horiba measurements (B), chemistry of regional 

precipitation at the Headon Reservoir ~ 15 km from Crawford Lake C), inlet, spring, and outlet 

Horiba data (D), and the change in temperature as water flows from the recharge spring to the 

inlet, through Crawford Lake, exiting the outlet (E). The individual figures from the overall 

hydrological surface profile are also included in Appendix A, Figures A.4–8. The map upon 

which these images are projected shows the location of these hydrological features, as well as the 

Iroquoian village, and the boardwalk that surrounds the lake (green dashed line).  

 

The stable water isotope data (Figure 4.8) record dilution of the mixolimnion, 

specifically the epilimnion (0-5.5 m) by meteoric water. The epilimnion displayed extreme 

isotopic variability during the 3 sampling trips. The surface waters were enriched with heavier 

rain-derived isotopes during the July sampling (further aided by evaporative effects which 

preferentially evaporates lighter isotopes), whereas the February samples show the dilution of 

these heavy isotopes by isotopically depleted snowmelt that occurred in the late fall and early 

winter season when the ice coverage was not as consistent (Figure 4.8; Table 4.10). The 

isotopic values found below the epilimnion are slightly more difficult to interpret, as the 

intrusion of rainfall or snowmelt-enriched groundwater are affected by a lag time required for the 

groundwater recharging the Lockport Group to reach Crawford Lake. Water entering the lower 

mixolimnion of Crawford Lake’s basin in November had a relatively high signature of rainwater 

(Figure 4.8; Table 4.10) suggesting that the groundwater flow zones described in Priebe et al 

(2018) and Brunton (2009) would have likely been recharged in the previous spring or summer 

when precipitation is high and rainfall dominant (Climate Normals for Burlington TS 1981 – 

2010, Government of Canada; Appendix D). The composition of the stable water isotope values 

in February displayed a heavier isotopic signature then was initially expected (Figure 4.8; Table 

4.10), representing a larger rainfall component that was also likely recharged in the spring or 
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summer. The ice coverage present in the February sampling month would also decrease the 

amount of snowfall-influenced surface runoff entering the epilimnion, somewhat locking in the 

heavier isotopic signature from earlier in fall when precipitation is typically highest and rainfall 

dominant (Climate Normals for Burlington TS 1981 – 2010, Government of Canada; Appendix 

D). Lastly, groundwater entering the lower mixolimnion of Crawford Lake in July had the 

isotopically lightest composition sampled (Figure 4.8; Table 4.10). These isotopically depleted 

values indicate the influence of snowmelt, suggesting that recharge occurred during the late 

winter/early spring. Below the chemocline the trend of decreasing isotope values in the 

monimolimnion represents the lack of meteoric dilution and evaporation that is present in the 

epilimnion, the inflow of groundwater into Crawford Lake, and the lack of turnover between the 

mixolimnion and the monimolimnion.  

 

Conductivity in the epilimnion ranged from 514 to 641 µS/cm across our multiyear, multi-

season sampling, recording slight dilution by meteoric water and surface runoff. The abundance 

of Ca2+, Mg2+, HCO3- + CO32- sourced from the carbonate bedrock of the Silurian Lockport 

Group through which the groundwater permeates suggests that baseflow, together with 

weathering from the dolomitic bedrock, produces the slightly basic to circum-neutral pH (~7.26) 

and relatively high conductivity (~ 630 µS/cm) measured in the mixolimnion of Crawford Lake 

(Table 4.1, 4.6). Chemical analysis from the Headon Reservoir indicated that the precipitation 

was slightly acidic, with an average pH of ~ 5.69, ranging from 4.89 – 6.47 (Appendix A, Table 

A.8). The precipitation that entered Crawford Lake’s upper water column would have decreased 

the pH of the surface waters, but this would have been relatively minor, as precipitation does not 

seem to be a major component in the water balance, which is dominated by groundwater.     
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It is in the epilimnion that relatively high alkalinity (average in the mixolimnion 278 mg/L; 

255 mg/L in epilimnion) (Table 4.6) allows calcite to precipitate when temperatures and pH 

values exceed 14.9 oC and ~7.76. This inorganic precipitation of calcite produces the light-

coloured portion of the varve couplets that are especially thick during warm, dry summers which 

result in less meteoric acidification, a higher influence of evaporative processes, and increased 

biological activity (Llew-Williams et al. this thesis, chapter 5). pH values exceeding ~ 7.76 often 

coincide with windows of peak photosynthesis (both seasonally and spatially), indicated by the 

maximum concentrations of dissolved oxygen in the lower epilimnion and upper metalimnion 

(Figure 4.4 C-D, Table 4.1). Primary producers decrease the abundance of CO2 in the water 

column during photosynthesis, subsequently increasing the pH by inhibiting the formation of 

carbonic acid (H2CO3) and the release of hydrogen ions [H+]. The precipitation of calcite in the 

lower metalimnion, hypolimnion, and monimolimnion was found to be unlikely due to Crawford 

Lake’s increasing acidity at greater depth (Table 4.1) (Llew-Williams et al. this thesis, chapter 

5). 

 

The concentration of Ca2+, Mg2+, and HCO3- + CO32- increases rapidly with depth between 

~15 and 16 m in the water column (Figure 4.6), and this dramatic change in water mass 

characteristics coincides with visible changes of photos taken of water samples collected in 

September of 2020 (Figure 4.10). In addition to much higher alkalinity, water samples collected 

from the monimolimnion of Crawford Lake contain higher concentrations of nutrients (Figure 

4.6) and dissolved inorganic and organic carbon (DIC, DOC). This contributing to the murky 

appearance and results in very high values of electrical conductivity, peaking at 2870 µS/cm 

measured at 20 m in the water column in August 2018 (Figure 4.4 B; Appendix Table A.9).   
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Figure 4.10 The contrast in colour between epilimnion and monimolimnion samples collected 

for DIC analysis in September of 2020 illustrates the accumulation of DOC, DIC, nutrients, and 

ions below the chemocline of Crawford Lake.  

 

The high concentrations of limiting nutrients in the deep basin of Crawford Lake are 

likely sourced from the surrounding catchment during various intervals of agricultural 

cultivation, deforestation, construction, and lumber mill operation, that have gradually 

accumulated in the monimolimnion (Rybak and Dickman 1988; McAndrews and Boyko-

Diakonow 1989; Ekdahl et al. 2004, 2007; Gushulak et al. 2021). The lack of turnover and 

meteoric dilution below the chemocline has allowed TN and TP to accumulate in tandem with 

accumulating organic detritus, and the abundance of nutrients are undoubtedly attractive to 

zooplankton that migrate to the relatively warm monimolimnion (in comparison to the 

fluctuating temperatures in the epilimnion) between fall and spring turnover, when 

phytoplankton biomass declines in the mixolimnion (Heyde 2021; see Figure 4.2). The acidic 
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conditions in the monimolimnion (Figure 4.4 D) are produced by multiple sources. These 

sources include humic acids (including DOC) from the surrounding forested catchment, in-situ 

productivity in the mixolimnion, microbial CO2 respiration below the chemocline, and from 

carbonic acids dissolved from the carbonate bedrock. These conditions are present in the 

monimolimnion despite the very high alkalinity – a rare instance where the terms basic and 

alkaline are not synonymous (Figure 4.4, 4.6).  

 

In contrast, some ions are more abundant in the mixolimnion (Cl-, Na+ and SO4-) than in 

the monimolimnion, and this is attributed to surface runoff. Guelph Line, a major road in the 

catchment of Crawford Lake (Figure 4.3, 4.9) undergoes salting during the winters. Road salts 

are known to result in the salinification of freshwater bodies in regions where they are used. This 

salinification can be used to explain the increase in chloride and sodium concentrations in the 

upper water column (Dugan et al. 2017; Hintz and Relyea 2019). Agricultural fields that are 

present in and near the catchment of Crawford Lake are common sources of sulfate in freshwater 

systems, along with the decomposition of organic matter (Zak et al. 2020; Orem 2004). Isolation 

of the mixolimnion from the monimolimnion is maintained by the sharp density contrast across 

the chemocline induced by the chemical and physical variation ~15-16 m. The strong density 

contrast appears to have inhibited these ions introduced from surface runoff from permeating 

across the chemocline, allowing higher concentrations of these ions to accumulate within the 

mixolimnion over the past two centuries.  
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4.4.2 Comparing the chemistry of Crawford Lake with that of a regional 

groundwater database  

Groundwater chemistry monitored from well stations in the region was obtained from the 

Provincial Groundwater Monitoring Network (PGMN) to get chemical signatures of local 

groundwater flow and compare this with the chemistry of the mixolimnion and monimolimnion 

in Crawford Lake (Table 4.12). In addition to the chemical analysis of these PGMN wells, the 

type of bedrock or sediments the wells are screened in is an important factor for this comparison 

as it could help identify if the analyzed groundwater is within the same flow system as Crawford 

Lake. Six wells from the PGMN were included in this analysis, including wells at Mountsberg, 

Kilbride, Fletchers Creek, Kelso, Courtcliffe Park, and the Garden Lane Cemetery (Table 4.12; 

Figures 4.11 and 4.12). Out of these six wells, Mountsberg, Kilbride, Fletchers Creek, and 

Courtcliffe Park are located in bedrock classified as dolomitic or limestone (representative of the 

Lockport Group), while Kelso is located within a unit classified as limestone/shale, and the 

Garden Lane Cemetery well is located in gravel overburden. The major ion chemistry from the 

PGMN wells were transformed into Piper plots and divided into wells with similar groundwater 

chemistry to one another (Figure 4.11), and wells with chemical variation (Figure 4.12) 

 

Table 4.12. Average relative distribution and concentration of major ions in Crawford Lake’s 

mixolimnion, monimolimnion, and regional groundwater chemistry collected from the Provincial 

Groundwater Monitoring Network (2003–2018 or 2007–2018). The wells with a groundwater 

chemical signature similar to the majority of those included in the PGMN analysis are shaded in 

green, while those with unique variation are shaded in orange. Grey shading follows the colour 

scheme used throughout this thesis for the Crawford Lake water column. Complete dataset 

available in Appendix A, Tables A.5 and A.10. 
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 Cations (relative % / mean concentration 
mg/L) 

Anions (relative % / mean concentration 
mg/L) 

 

 Na+ K+ Mg2+ Ca2+ F- Cl- SO42- 
 

HCO3- + 
CO32- 

Conductivity  
(µS/cm) 

 
Epilimnion 

11.48% / 
16.44 

0.61% / 
1.49 

43.27% / 
32.76 

44.64% / 
55.7 

0.17% 
/ 0.2 

12.69% / 
28.14 

5.56% / 
16.72 

81.71% / 
255.65 

569 

Metalimnion 11.53% / 
18.37 

0.54% / 
1.47 

40.34% / 
33.97 

47.59% / 
66.1 

0.15% 
/ 0.2 

13.33% / 
33.49 

5.29% / 
18.02 

81.33% / 
288.2 

640 

 Hypolimnion 
11.70% / 

19.84 
0.55% / 

1.60 
38.48% / 

34.48 
49.28% / 

72.2 
0.14% 
/ 0.2 

13.75% / 
36.47 

5.49% / 
19.61 

80.71% / 
306.58 719 

 
Monimolimnion 

4.65% / 
12.23 

1.76% / 
7.88 

29.58% / 
41.10 

64.01% / 
146.7 

0.34% 
/ 1.17 

5.04% / 
32.36 

1.26% / 
10.69 

93.62% / 
848.4 1945 

Mountsberg 
11.45% / 

19.8 
0.6% / 

1.8 
38.14% / 

34.8 
50.92% / 

76.7 
0.05% 
/ 0.07 

14.42% / 
39.6 

3.51% / 
13.1 

82.00% / 
317.61 719 

Kilbride 9.72% / 
18.3 

0.99% / 
3.2 

34.30 % 
/ 34.1 

54.99% / 
90.3 

0.05% 
/ 0.07 

6.03% / 
16.8 

6.36% / 
24.0 

87.56% / 
344.57 

720 

Fletchers Creek 
6.88% / 

10.6 
0.46% / 

1.2 
38.20% / 

31.1 
54.46% / 

73.2 
0.05% 
/ 0.07 

9.04% / 
20.9 

6.49% / 
20.4 

84.42% / 
275.5 626 

Kelso 45.29% / 
136.5 

0.28% / 
1.4 

17.24% / 
27.5 

37.19% / 
97.7 

0.03% 
/ 0.08 

47.75% / 
220.8 

6.18% / 
38.7 

46.04% / 
300.2 

1371 

Courtcliffe 
Park 

9.55% / 
39.3 

0.41% / 
2.9 

25.56% / 
55.6 

64.48% / 
231.1 

0.06% 
/ 0.22 

12.12% / 
78.0 

60.58% / 
528.5 

27.24% / 
247.6 1544 

Garden Lane 
Cemetery 

22.44% / 
47.0 

0.58% / 
2.1 

21.07% / 
23.3 

55.91% / 
102.1 

0.03% 
/ 0.06 

30.79% / 
99.9 

15.74% / 
69.2 

53.43% / 
224.5 

905 
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Figure 4.11 Piper plots displaying the chemical signature of three PGMN wells with relatively 

consistent water chemistry (locations identified by green dots). These wells all have high 

alkalinity, calcium, and magnesium components, classifying under a magnesium bicarbonate 

type chemistry from Figure 3.1. The major chemistry of these wells was transformed into meq/L, 

plotted in separate ternary diagrams, and projected on a diamond grid to show similar chemical 

signatures in relative percentages, following the methodology of Piper (1944).   
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Figure 4.12 Piper plots displaying the chemical signature of three PGMN wells with anomalous 

water chemistry (locations identified by red dots), of those described in Figure 4.11. The major 

chemistry of these wells was transformed into meq/L, plotted in separate ternary diagrams, and 

projected on a diamond grid to show similar chemical signatures in relative percentages, 

following the methodology of Piper (1944). These wells have higher components of road salts 

(sodium and chloride), as well as sulphate indicating contamination. These wells classify closer 

to the calcium chloride and mixed type of chemical composition displayed in Figure 3.1 then the 

magnesium bicarbonate type displayed in the green wells.  
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Of the six groundwater wells analysed from the PGMN, the regional groundwater 

chemistry appears to resemble the composition displayed at the Fletchers Creek, Mountsberg, 

and Kilbride stations (Figure 4.11). These wells have a high component of alkalinity (HCO3 + 

CO3-), calcium (Ca2+), and magnesium (Mg2+). Each of these wells are located within carbonate 

bedrock, likely the lower units of the Lockport Group (Goat Island and Gasport Formations), 

indicating a similar groundwater flow system to the one entering Crawford Lake. The water 

chemistry at the Courtcliffe Park, Garden Lane Cemetery, and Kelso monitoring stations (Figure 

4.12) less closely resembled the groundwater signature displayed in Figure 4.11. The chemical 

differences could be attributed to various sources of groundwater contamination at these sites or 

due to the wells being sampled within different flow systems. The latter is likely a factor at the 

Kelso and Garden Lane Cemetery wells as these are located within shale (partially) and 

overburden material compared to carbonate bedrock, however, this is not the case for the 

Courtcliffe Park well, as this well is located within a dolostone unit. The much higher relative 

abundance of Na++ K+ and Cl- + F- between 2007 – 2018 at the Kelso GW station (Figure 4.12) 

could additionally be attributed to its proximity to the eight-lane divided Highway 401, which is 

heavily salted in winter. Courtcliffe Park is under restoration by Conservation Halton to repair 

water quality and ecology that was negatively impacted by agricultural land usage and other 

human activities (Conservation Halton 2021) to which the very high relative abundance of 

sulfates can be attributed (Figure 4.12).  Lastly, chloride and sodium were relatively abundant at 

the Garden Lane Cemetery site (Figure 4.12).  Formanek (1997) documented groundwater 

contamination by these ions associated with cemetery practices such as embalming, road salting 

and dusting, and land fertilizing. These ions would easy enter the groundwater system at this 

location due to the permeable overburden in which the well is screened.  
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The concentrations of major ions in both the mixolimnion and monimolimnion of 

Crawford Lake resemble those measured in groundwater monitoring stations in the region 

obtained from the Provincial Groundwater Monitoring Network (PGMN) (Table 4.12). The 

similar chemical signature is clear when we compare Piper plots of Crawford Lake’s 

mixolimnion and monimolimnion (Figure 4.13) to the PGMN monitoring stations at Fletchers 

Creek, Mountsberg, and Kilbride (Figure 4.11, Table 4.12).  Unfortunately, the Environment 

Canada rainwater chemistry collected at the Headon Reservoir did not include fluoride or 

alkalinity measurements, and therefore could not be analysed using the Piper plot method. The 

close relation of the PGMN wells to the chemistry of the lake, and the diluted nature of the 

precipitation data (Table 4.11; Figure 4.9) does indicate that Crawford Lake truly is a 

groundwater fed lake, that undergoes meteorically dilution in the mixolimnion. 
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Figure 4.13 Piper plots showing the major cations (Na+ + K+, Ca2+, and Mg2+) and anions (Cl- + 

F-, HCO3- + CO32-, and SO4-) in the mixolimnion (A) and monimolimnion (B) of Crawford Lake 

transformed into meq/L, plotted in separate ternary diagrams, and projected on a diamond grid to 

show similar chemical signatures in relative percentages, following the methodology of Piper 

(1944).  The higher conductivity and much higher relative abundance of calcium, magnesium, 

bicarbonate, and carbonate in the monimolimnion and of chloride, sodium, and sulfate in the 

mixolimnion is evident, but the chemistry of both water masses differs substantially from 

meteoric water measured at the Headon Reservoir by Environment Canada (Table 4.11).   
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Although the chemistry of the mixolimnion and monimolimnion are similar, the elevated 

electrical conductivity and the similar concentrations of most major ions measured at PGMN 

sites near Crawford Lake more closely resemble the mixolimnion and spring-fed inlet stream 

than the highly conductive and alkaline monimolimnion (Figure 4.11; Figure 4.13). This could 

be because these wells primarily draw water from the Goat Island Fm. rather than the deeper 

Gasport Fm. which may be the aquifer influencing groundwater flow below the chemocline. 

More ion-rich and electrically conductive water may be present in the well-developed karst in the 

underlying Gasport Fm.  

 

The general distribution of ion chemistry in both the mixolimnion and monimolimnion of 

Crawford Lake also resemble the findings of Priebe (2019) who classified the geochemistry of 

the Lockport Group formations from 35 sampling wells sampled in 2016 across Southern 

Ontario (Figure 4.14). In the Priebe (2019) dataset, values with larger symbol representing high 

tritium concentrations (> 5 TU) are of interest, as they indicate groundwater that was recharged 

after the atmospheric nuclear testing in the mid 20th century (Brown 1961). Samples with low 

tritium concentrations, indicated by the smaller symbols, have a longer residence time then is 

thought to affect the hydrogeology of Crawford Lake due the elevated concentrations of 

dissolved oxygen which suggest a close proximity to recharge zones.  
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Figure 4.14 Summary Piper plot for the groundwater geochemistry of the various formations of 

the Lockport Group. Groundwater wells were analysed across Southern Ontario (~ 8,000 km2) in 

a zone delineated by the Bruce Peninsula to the north, the Niagara Escarpment to the east, the 

Algonquin Arch to the south, and the Salina Formation to the west. Wells with low tritium values 

(< 5 TU) reflect older water recharged prior to atmospheric nuclear testing (Brown 1961), 

whereas values > 5 TU reflect more recent groundwater recharge (Reproduced from Priebe 

2019). Values for the mixolimnion and monimolimnion of Crawford Lake (yellow and red X’s) 

plot close to the Goat Island Fm. values, as expected from the regional stratigraphy.  
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 The Goat Island Formation samples with high tritium levels display a chemical signature 

(Figure 4.14) similar to the general composition in the mixolimnion and monimolimnion of 

Crawford Lake (Figure 4.13). These Piper plots indicate a Ca-Mg-HCO3 rich ion chemistry 

(Table 4.12). With increasing bedrock depth, the recently recharged groundwater of the Gasport 

Formation (> 5 TU) displays chemical variation from the Goat Island Formation, and water 

masses of Crawford Lake (Figure 4.13, 4.14). These younger Gasport Formation samples 

transition away from the Ca-Mg-HCO3 composition shown in the Goat Island Formation 

samples, displaying a trend of increasing chloride concentrations (Figure 4.14). Priebe (2019) 

suggested that the trend of elevated chloride concentrations is geographically controlled. 

Samples with a high chloride content and tritium levels representative of post-nuclear testing are 

restricted to a singular well located in the northern portion of the study site, proximal to a 

roadway. Similar to the Kelso PGMN well (Figure 4.11), road salt use likely resulted in the 

contamination of the groundwater, and therefore is not representative of the geochemistry 

entering Crawford Lake through this formation (Priebe 2019). Priebe (2019) describes a general 

trend of increased groundwater mineralization with increasing stratigraphic depth and residence 

time. Each of the formation within the Lockport Group has a variety of residence times, 

indicated by the presence of both high and low concentrations of tritium in all units, suggesting 

residence time is independent of stratigraphic depth. The variability in the PGMN chemistry, as 

well as in the material the wells were screened in suggests that there are multiple flow zones 

within the bedrock of Southern Ontario, as was described in Priebe et al. (2018). The difference 

between these flow zones may influence the chemical variation found across the chemocline, as 

this may be a boundary between flow zones within the Goat Island and Gasport Formations.  
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4.4.3 The unusual oxygenated monimolimnion of Crawford Lake and its 

implications   

The twelve measurements of physicochemical properties through the water column of 

Crawford Lake over a three-year period and across all seasons confirm permanent stratification 

around 15.5 m in this 24 m deep basin (Figure 4.3). This is consistent with the equation of 

Hutchinson (1957) that assesses the propensity of lake basins for meromixis (see Equation 4.2). 

Applied to the conical basin of Crawford Lake, this equation yields Zr ~ 13.73, much higher than 

the threshold of Zr > 2 for high propensity for meromictic stratification (Hutchinson 1957).  

 

Equation 4.2: 

 

𝑍𝑟 =
(50 × 𝑍𝑚 × √𝜋)

(√𝐴)
 

• Where Zr = relative depth,  

• Where Zm = maximum depth, and  

• Where A = surface area 

 

This meromixis is aided further by the insulating effects of conifer-rich forest and 

dolomitic cliff-protected shorelines that inhibit wind energy from mixing the water column 

below ~ 15 m, where the bathymetry steepens sharply. The increase in conductivity measured 

below the chemocline records a sharp, permanent density contrast that strengthens the isolation 

of the monimolimnion from the less dense mixolimnion (Dickman 1985; Heyde 2021). There 

was no evidence of weakening of the chemocline during the three years of monitoring in our 
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study, including near-monthly measurements during the 2020 water year (October 1 – September 

31). Dickman (1985) also identified a strong chemocline over a three-year interval between May 

1979 and June 1982, but he did not measure the high DO concentrations reported here, only 

measuring low DO values in the hypolimnion during a period of high construction-invoked 

biological oxygen demand (BOD). It should be noted that the anoxia illustrated by Dickman 

(1985) appears to have been inferred from the measurements of very low DO in the hypolimnion 

in his study. The lowest measurements of DO between August 2018 and September 2021 were 

typically in the hypolimnion, but the lowest value measured was 4.55 mg/L, well above the 

commonly reported hypoxic limit of 2mg/L, and consistent with the abundant microscopic 

invertebrates inhabiting the monimolimnion of Crawford Lake during the winter months (Heyde 

2021).   

 

The accumulation of calcite crystals precipitated in the upper mixolimnion of Crawford 

Lake during warm summer months, capping dark-coloured organic laminae in a well-oxygenated 

depositional environment, is of interest in the search for an Anthropocene GSSP (see more on 

calcite precipitation and preservation in Chapter 5). The primary marker under consideration by 

the Anthropocene Working Group for the Anthropocene is the fallout of 239Pu and other products 

of thermonuclear testing from the atmosphere between the early 1950s and mid-1970s 

(UNSCEAR 2000).  Although 239Pu can remobilize in anoxic environments, the depositional 

setting and deep basin at Crawford Lake should have prevented remobilization from occurring 

(Geckeis et al., 2016; Francis, 2007) due to the consistently elevated concentrations of dissolved 

oxygen in monimolimnion. Along with other factors, this makes Crawford Lake a favourable 

location for the GSSP.   



 97 

4.5 Summary and conclusions 

Comparing the suite of physical, chemical, and isotopic data collected from Crawford Lake 

over a three-year period to the chemical and physical characteristics of regional groundwater and 

regional precipitation has elucidated the hydrological–hydrogeological interactions that facilitate 

the oxygenated monimolimnion of Crawford Lake. Groundwater traveling through the flow 

zones, fractures, and breaks in stratigraphy within the Goat Island and potentially the Gasport 

Formations of the Silurian Lockport Group is the only plausible mechanism that provides ample 

oxygen to support populations of seasonally migrating zooplankton. The trend of decreasing pH 

and increasing alkalinity with depth below the permanent chemocline is another unique property 

of Crawford Lake. This counterintuitive trend results from the very high concentrations of DOC 

and humic acids and the high rates of groundwater flow into the monimolimnion. The largest 

benthic organisms in the deep basin of Crawford Lake are ostracods adapted to karstic 

groundwater systems, but macrobenthos able to tolerate the unusual water chemistry of the 

monimolimnion have not been able to colonise the lakebed below the chemocline. This is due to 

the dense, saline, and alkaline water chemistry of the monimolimnion isolating the deep basin 

from the less dense, saline, and alkaline waters of the mixolimnion. This isolation has allowed 

varves to accumulate undisturbed despite the lack of anoxia (Heyde, 2021). These varves are a 

critical requirement for any candidate for the Anthropocene GSSP. The abundance of oxygen is 

also a useful characteristic of the deep basin as a primary marker presently favoured by the 

Anthropocene Working Group for the GSSP nomination is plutonium, the record of which would 

be readily mobilized within the varved laminations of an anoxic setting typical of preserved 

couplets. 
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Chapter 5 Varve formation in Crawford Lake: Implications for defining the Anthropocene 

5.1 Introduction- the varved sequence of Crawford Lake 

Bioturbated organic-rich marls typical of karstic basins on the Niagara Escarpment 

accumulate on the lakebed across most of Crawford Lake (Yu 2003). Below the permanent 

pycnocline that is the result of a sharp change in water chemistry (chemocline) around 15.5 m, 

however, well-defined annual couplets accumulate. This allows events in the lake and its 

catchment to be dated by varve counting and related to the historic and archaeologic record 

(Boyko 1973; Dickman, 1979; McAndrews and Boyko-Diakonow 1989; Ekdahl et al. 2004) 

(Figure 5.1). As a result, the varved succession from this small, deep meromictic lake located in 

a conservation area near Milton, Ontario, Canada is currently under consideration by the 

Anthropocene Working Group as a potential Global boundary Stratotype Section and Point 

(GSSP) to formally define the proposed Anthropocene Epoch (AWG 2019). The proposed base 

for this GSSP is in the mid-20th century with fallout from thermonuclear testing as a primary 

marker (Waters et al. 2018; Subramamian 2019). Understanding the limnological and 

hydrological conditions that promote the deposition of nearly undisturbed seasonally laminated 

organic-inorganic couplets (Dickman 1979, 1985) beginning in the late 13th century (Ekdahl et 

al. 2004) is vital to support the varved sequence of Crawford Lake as a potential GSSP to present 

to the International Commission on Stratigraphy (McCarthy et al. in prep.).  
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Figure 5.1 a) Crawford Lake is a small, deep meromictic lake that occupies a sinkhole formed 

from karstic dissolution of the dolomitic Silurian Lockport Group of the Niagara Escarpment, 

approximately 50 km west of Toronto – 43°28’N, 79°57’W (bathymetry from Boyko 1973, 

showing the location of sediment traps and the freeze core analyzed as part of this study). 

Massive bioturbated organic-rich marl accumulates over most of the lakebed but varved 

sediments accumulate below 15.5 m (the permanent pycnocline/ chemocline – shaded). b) 

Variation in thickness of the dark organic matter and light inorganic calcite that form varved 

couplets across the proposed base of the Anthropocene (1952 CE, dark blue line) in freeze core 

CRW19-2FT-B2 can be related to historic climate data, with the thickest white lamina deposited 

in the hot, dry summer of 1935, during the Dust Bowl (high-resolution image from Serack 2021 

and Lafond et al. in prep.). Varve ages also highlight 1951 CE (light blue) which would then 

become final year of the Meghalayan Age of the Holocene Epoch (Waters et al., 2021). 

The lack of disturbance in the alternating light and dark laminae that accumulate 

seasonally in the deep basin of this small (~ 2.4 ha), deep (> 23 m) meromictic lake was long 

attributed to bottom water anoxia (Boyko 1973; Dickman 1979, 1985; McAndrews and Boyko-
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Diakonow 1989; Ekdahl et al. 2004) which is typical of the monimolimnion of meromictic lakes 

(Zadereev et al.  2017). However, recent measurements of dissolved oxygen concentration over a 

3-year period revealed a well-oxygenated monimolimnion (McCarthy 2020; Heyde 2021; this 

thesis chapter 4). This is consistent with metabolically active zooplankton found below the 

chemocline of Crawford Lake (Mazumder 1983; Heyde 2021), particularly during the winter 

(Figure 5.2). Previously, the slight ‘microturbation’ (bioturbation by microscopic nektobenthic 

ostracods) of the varved sediments that took place following the abandonment of the Iroquoian 

settlement (occupied between ~1268–1486 A.D - see Figure 1.1) was explained by an occasional 

weakening of the chemocline (~ 15.5 m) that would have allowed for dissolved oxygen to enter 

the monimolimnion in concentrations that would support benthic bioturbators (Ekdahl et al., 

2007). The recent monitoring of high DO concentrations below a consistent chemocline at 

around 15.5 m depth, make this theory unlikely.  



 101 

Figure 5.2 Illustration of relatively diverse and abundant zooplankton in the deep basin of 

Crawford Lake in winter, when the relatively warm temperatures of the monimolimnion (darkest 

gray shading) combined with high concentrations of dissolved and particulate organic matter 

appears to attract consumers between fall and spring turnover (Reproduced from Heyde, 2021; 

note that depiction of groundwater flow zones published in that thesis is highly speculative, but 

inflow of highly oxygenated groundwater is the only plausible mechanism to explain the well-

oxygenated monimolimnion capable of supporting aerobic metabolism- see this thesis, chapter 

4). The preservation of varves below the permanent chemocline cannot be attributed to bottom 

water anoxia, unlike in nearly all meromictic lakes. Instead, the lack of bioturbation is attributed 

to the very high concentration of ions in the monimolimnion, to which the invertebrate species 

that burrow in the organic-rich marl above the chemocline are not adapted.  

 

Heyde (2021) attributed the lack of bioturbation to the absence of benthos (bottom-dwelling 

animals) larger than microscopic ostracods that were able to migrate into the monimolimnion via 

aquifers (see Figure 5.2). Valves of Cypria opthalmica (ostracods known to prefer cool, deep 

waters and tolerant of high conductivity; Balch, et al., 2005) and of Notodromas monacha that is 

commonly found in caves and groundwater (Özuluğ, et al., 2018) were abundant in varved 

sediments deposited through most of the last millennium, except in varves dating to the late 19th 

– early 20th centuries (C. Chan, unpublished data). These ostracod species were not found in the 

bioturbated marls in shallower parts of Crawford Lake, where diverse hard-water species were 

found, suggesting that both C. opthalmica and N. monacha reached the monimolimnion via 

highly conductive groundwater flow zones in the Lockport Group described by Brunton (2009) 

and Priebe et al. (2018).  

A variety of other aerobic eukaryotes, including benthic diatoms (Ekdahl et al. 2004, 2007) 

and desmids (McCarthy et al. 2018), were able to thrive in the monimolimnion through most of 
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the last millennium (Heyde 2021). Bottom water anoxia, recorded by the near absence of benthic 

microfossils in varved sediments coupled with the exceptional preservation of cellulosic 

dinoflagellate thecae (Krueger et al. 2016; McCarthy et al, 2018) was limited to brief intervals of 

high biochemical oxygen demand resulting from human activities in the small (1.52 km2) 

catchment of Crawford Lake. This initially occurred in the late 13th century (Ekdahl et al. 2004), 

but the longest interval of monimolimnetic anoxia extended from the mid-19th through early 20th 

century, when the catchment was intensely logged (Gushulak et al. 2021) and a lumber mill 

operated at the south end of the lake (Conservation Halton n.d.). The intense logging of the 

catchment and operation of the lumber mill would have increased turbidity due to the decreased 

vegetation cover and introduced large volumes of organic waste (pulp and other vegetation) 

contributing to the high biochemical oxygen demand (Heyde, 2021).  

According to archeologists (Finlayson 1998) approximately 200–300 people occupied 

longhouses at any given time over several centuries and cultivated this area during the latter part 

of the Medieval Climatic Optimum (~ 900–1300 AD - Mann, 2002) until the site was abandoned 

around the onset of the Little Ice Age, ~1500 AD (Finlayson 1998; Byrne and Finlayson 1998). 

Cultural eutrophication, the increased influx of limiting nutrients from human activity in the 

catchment of Crawford Lake, caused productivity to increase (see Figure 1.1), and the resulting 

increase in mass accumulation rates for the total organic carbon and inorganic calcite laminations 

made the annual couplets easily resolvable (Figure 5.3). Paleoenvironmental changes recorded 

by microfossil and geochemical proxies can thus be related to archaeological and historic records 

through the ‘Iroquoian’ and ‘Canadian’ zones (Figure 5.3). The very high sedimentation rates 

through the Canadian zone (i.e., since 1867 CE) make it easy to identify varved couplets 

deposited in 1952 (see Figure 5.1). This is the most likely age to be proposed by the 
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Anthropocene Working Group to define the base of the Anthropocene Epoch, when nuclear 

fallout from atmospheric testing of thermonuclear weapons during the Cold War becomes readily 

detectable in sediments; UNSCEAR 2000).   

 

Figure 5.3 a) The high mass accumulation rates (MAR) of calcium carbonate and total organic 

carbon (TOC) allow thick varves to be easily discriminated during both the Iroquoian and Euro-

Canadian settlement phases. Much faster rates of sedimentation at times of cultural 

eutrophication are evident in the age model based on 28 AMS radiocarbon ages (dots with lines 

illustrated standard error in diagram at left) for the freeze core recovered from the deep basin of 

Crawford Lake in 2001 (Ekdahl et al. 2004). Based on their model (b), rates of sedimentation in 

the Canadian zone (since 1867) were nearly 2mm/y compared to less than 0.4 mm/y between the 

end of the Iroquoian zone (1486) and the base of the Canadian zone. Sedimentation rates were 

intermediate (around 1mm/y) over the 218 varve years that span Iroquoian settlement, identified 

based on evidence of cultigens (e.g., corn smut spores in Figure 1.1) in the organic fraction of the 

varve couplets. 
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 Recent ultrahigh-resolution imagery by Krysten (Serack) Lafond, Carleton University 

(Serack 2021) of a freeze core collected in February 2019 from the deepest part (23 m) of the 

lake (CRW19-2FT-B2, a small part of which is shown in Figure 5.1) allowed for the 

identification of a ca. 200-year disparity between resolvable laminae and the ages attributed to 

the varves, as was mentioned by Ekdahl et al. (2004). Ekdahl and coauthors referred to this ca. 

200-year gap potentially being located between the Indigenous and colonial periods of settlement 

and land disturbance, when productivity and sedimentation rates were much lower than during 

periods of occupation (Figure 5.3). This is consistent with the cold conditions between the late 

15th and 19th centuries (Lamb 1972) when warm, evaporative summers that promote precipitation 

of calcite from abundant Ca+2 and CO3-2 in the water column of Crawford Lake (Dickman 1979, 

1985) would have been rare, making the light-coloured laminae that mark the summer season 

sporadic in the latter part of the Little Ice Age.  

Because the potential of the sedimentary sequence in the deep karstic basin of Crawford Lake 

as the Anthropocene GSSP relies primarily on sub-annual resolution afforded by varves, it is 

important to understand the hydrologic conditions that allow inorganically precipitated calcite to 

cap authigenic organic matter in the latter part of a water year (defined by the USGS as October 

1 – September 30, more-or-less equating to fall turnover across most of North America). This 

chapter examines the effects of anthropogenic activity and climate change (including the Little 

Ice Age that coincides with the interval between the Indigenous and Euro-Canadian settlement 

periods) on the physical and chemical limnology of Crawford Lake and how these affected the 

accumulation of varves – and how likely these are to continue accumulating annually into the 

future. 
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5.2 Methods  

  5.2.1 Physical and Chemical Monitoring 

Profiles of temperature (°C), pH, and conductivity (μS/cm) were collected from Crawford 

Lake using a Horiba U-5000 multiprobe at a 1-m interval for nearly all sampling months, with a 

higher sampling resolution (every 0.25 m) monitored between 14 and 18 m in June 2021. 

October 2020 monitoring was operated by undergraduate students on a research field course, 

with values only being recorded at 0, 5, 12, and 18 m. The multiprobe was calibrated using the 

Horiba U-50 series built in ‘auto-calibration’ feature that simultaneously calibrates the pH, 

turbidity, conductivity, and temperature sensors using a standard pH 4 solution (Horiba, 2009). 

Water samples for chemical analysis were collected with a Kemmerer bottle. Water was 

transferred on site into various HPDE pre-cleaned bottles and stored in a dark cooler until 

delivered to E3 Labs (Niagara on the Lake, ON) for analysis as follows: 

• General properties: conductivity – APHA 2510; pH- APHA4500 HB;  

• Major cations: Na+, K +, Mg +2 and Ca +2 – EPA Method 6010C;  

• Major anions: Cl - - HACH 8113; SO4 -2 – HACH 8051; F - - HACH 8029; Alkalinity- 

APHA 2320B (mod) titration method; 

• COD - HACH 8000; DOC – subcontract (Crann et al., 2017) 

• Nutrients: NO2 --, NO3 -, Total N (TN) and Total P (TP) – APHA 4500. 

 A more detailed description of the methods used for sampling and monitoring Crawford Lake 

can be found in Chapter 3 of this thesis.  
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5.2.2 Langelier Saturation Index and Lake Volume Calculations  

The Langelier Saturation Index (LSI or LI) is a calculated water property that predicts 

whether dissolution or precipitation of calcium carbonate is likely. Calcite (CaCO3) will 

precipitate, dissolve, or be in equilibrium in water depending on pH, temperature, hardness, 

alkalinity, and conductivity. This index estimates the saturation point pH (pHs) of calcium 

carbonate (CaCO3) using conversion charts for water temperature, alkalinity (HCO3- + CO3-2 as 

mg/L CaCO3), Ca2+ (mg/L), pH, and total dissolved solids (TDS mg/L) (Langelier, 1936, 1946). 

TDS was not originally monitored by the Horiba, so a conversion factor from the conductivity of 

Crawford Lake was performed using an online LSI calculator (Lenntech, 2021). The LSI is the 

difference between the pH monitored in Crawford Lake and the calculated saturation pHs (see 

Equation 5.1). Equation 5.2 allows for this calculation to be completed. 

 

Equation 5.1:   

LSI = pH – pHs 

• when pHs is equal to pH the solution is balanced,  

• when pHs < pH precipitation occurs, and  

• when pHs > pH dissolution occurs (Langelier, 1936, 1946).  

 

Equation 5.2:   

pHs = A + B - C – D, where 

• A is a factor derived from the water temperature,  

• B is a factor derived from the TDS/conductivity,  

• C is a factor derived from the concentration of calcium (mg/L), and 
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• D is a factor derived from the alkalinity measurements (expressed as mg/L CaCO3).  

 

The conversion charts for estimating potential precipitation thresholds are included in 

Appendix B of this thesis. In this study, an online calculator (Lenntech, 2021; Hatch Method 

8073, 2021) was applied to water measurements conducted in Crawford Lake between February 

2019 and June 2021 to identify the depth and seasonal zones in which calcite precipitation was 

likely to occur.  

 

Sediment traps were installed in Crawford Lake in August 2020 at 5.5 m (upper trap: 

epilimnion-metalimnion boundary) and 15.5 m (lower trap: mixolimnion-monimolimnion 

boundary). More details on the installation of the sediment traps, as well as photos of the traps 

prior to being placed in the water column can be found in Chapter 3 of this thesis. The contents 

of both traps were sampled in late June and late September 2021. Detailed analysis is underway 

to analyze the organic components collected in the sediment traps (Krueger et al., in prep.) but 

this chapter examines the inorganic constituents of the traps, primarily calcite crystals that 

eventually sink to the lakebed to form the light varve layer. These were compared with contents 

of the light and dark couplets sampled from the thick, distinct 1935 CE varve in a freeze core 

collected from the deep basin of Crawford Lake in January 2011 using a frigid fingernail 

sampler (see Krueger, 2012 for details of coring). Sediment trap samples were treated with 30% 

hydrogen peroxide (H2O2) in a hot water bath for 15–20 minutes to oxidize most of the organic 

matter, but slides were made before and after treatment in order to assess the full content of the 

traps (see Appendix C).  
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Strew slides were made from the light and dark coloured laminae (photos shown in results 

and Appendix C) deposited in 1935 and from each of the sediment trap samples (mid-October – 

mid-June accumulation during the 2021 water year, and late June – late September 2021 

accumulation, in both the upper and lower trap) using glycerine jelly or silicone oil as the 

mounting medium. Slides were qualitatively analyzed using a Leica DM750 microscope at 400x 

magnification and representative views were photographed using a Leica MC120HD Digital 

Imaging Camera. 

5.3 Results  

Physical and chemical data were collected from Crawford Lake during 11 surveys 

spanning all seasons between February 2019 and September 2021. This chapter includes only the 

water properties required for Langelier Saturation Index calculations (Figure 5.4 and 5.5), but a 

detailed description of all chemical and physical variables measured as part of this thesis can be 

found in Chapter 4 and all raw data are available in Appendix A.  Maximum ranges and mean 

values of temperature, pH, conductivity, calcium concentrations, and alkalinity in the epilimnion, 

metalimnion, hypolimnion, and monimolimnion of Crawford Lake are presented in Table 5.1.  

The epilimnion displays the largest seasonal range in water temperatures (1.8–25 °C), 

followed by those measured in the metalimnion (4.5–19.5 °C). Water temperatures remained 

relatively constant year-round in the hypolimnion (4.7–8.0 °C) and there is almost no seasonal 

temperature variation in the monimolimnion (Figure 5.4A; Table 5.1). pH decreases with depth, 

from an average value of ~7.7 in the epilimnion, with the metalimnion, hypolimnion, and 

monimolimnion becoming increasingly acidic, averaging ~7.1, ~6.8, and ~6.1 respectively 

(Figure 5.4B; Table 5.1). Electrical conductivity, calcium and magnesium concentrations, and 
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alkalinity remain fairly stable throughout the mixolimnion (0–15.5 m) but show a sharp increase 

in concentration across the chemocline into the monimolimnion (Figure 5.4C, 5.5; Table 5.1). A 

well-defined chemocline was measured between ~15 and 16 m, with average conductivity values 

increasing from ~715 to 1900 µS/cm, calcium concentrations increasing from ~70 to 150 mg/L, 

and alkalinity increasing from ~300 to 850 CaCO3 mg/L between the hypolimnion and the 

monimolimnion (Table 5.1). 
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Figure 5.4 Physical properties in the water column of Crawford Lake measured between 

February 2019 and September 2021. The epilimnion (~0–5.5 m – un-shaded zone) shows the 

most seasonal variation in temperature (A) and pH (B), whereas conditions in the 

monimolimnion (~15.5–24 m – darkest shading) are relatively stable year-round.  Note the sharp 

contrast in all properties at the base of the hypolimnion (medium gray shading), identifying 

chemocline that produces a sharp density contrast (C - pycnocline), permanently isolating the 

monimolimnion from the overlying mixolimnion (Chapter 4 of this thesis). 

 

 

Figure 5.5 Chemical profiles of calcium and magnesium concentrations and alkalinity in 

Crawford Lake sampled between February 2019 and June 2021 (shading follows the format used 

in Figure 5.4). The distribution of ions indicates a relatively diluted mixolimnion (~ 0–15.5 m) 

overlying a consistently denser, more ion-saturated monimolimnion. Additional chemical 

parameters analyzed are included in Chapter 4 of this thesis.  

 

 

 



 112 

Table 5.1 Summary of physical and chemical parameters required for LSI analysis sampled from 

Crawford Lake (temperature, pH, conductivity from February 2019 – September 2021; calcium 

and alkalinity from February 2019 to June 2021). A full suite of parameters collected during each 

sampling trip can be found in Appendix A, Tables A.1, 3–5.  

 
Temp. (oC) 

(mean / 
range) 

pH 
(mean / 
range) 

Cond. 
(µS/cm) 
(mean / 
range) 

Horiba 
Parameters 

Sample 
Size (n) 

Ca2+ (mg/L) 
(mean / 
range) 

Alkalinity 
(mg/L) 
(mean / 
range) 

 
Ca2+ and Alk 
Sample Size 

(n) 

Epilimnion 
0–5.5 m 

17.0 / 
1.8–25.4 

7.7 / 
6.9–8.5 

567.4 / 
514–641 

 
62 

55.74 / 
48.4–66.2 

255.65 / 
226–290 17 

Metalimnion 
5.5–12.5 m 

9.8 / 
4.5–19.5 

7.1 / 
6.7–7.9 

638.8 / 
543–697 

 
71 

66.08 / 
49.4–79.1 

288.2 / 
251–312 15 

Hypolimnion 
12.5–15.5 m 

6.4 / 
4.7–8.0 

6.8 / 
6.1–7.5 

715.6 / 
612–1110 

 
30 

72.2 / 
65.9–84.6 

306.58 / 
296–327 10 

Monimolimnion 
15.5–23 m 

6.3 / 
5.3–7.2 

6.1 / 
5.8–6.8 

1892 / 
741–2700 

 
72 

146.7 / 79–
215 

848.4 / 
326–1410 20 

 

The major divalent cations (Ca2+, Mg2+) and anions (carbonate and bicarbonate; CO32- and 

HCO3-) that account for alkalinity are most responsible for changes in conductivity measured 

between the mixolimnion and monimolimnion (Figure 5.4 and 5.5). Using water chemistry data 

obtained from the Provincial Groundwater Monitoring Network (PGMN), the chemical signature 

of water in this deep karstic basin was shown to resemble that of local groundwaters in the 

Lockport Group (identified by Brunton 2009 and analyzed by Priebe 2019) (this thesis, chapter 

4). This suggests that the monimolimnion is supplied by these groundwater aquifers, resulting in 

strong density stratification, while the groundwater-fed mixolimnion is diluted by meteoric 

water. 
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5.3.1 Langelier Saturation Index Results  

The LSI calculations incorporated a suite of physiochemical data collected from Crawford 

Lake including temperature, pH, conductivity (converted into TDS), and the concentrations of 

calcium and alkalinity (Table 5.1). For calcite to precipitate out of solution, the difference 

between the sampled pH (Horiba) and pH at saturation (pHs) must be positive (LSI = pH – pHs). 

Samples exceeding the threshold for precipitation (LSI > 1) are shown in Table 5.2 together with 

the maximum range of the parameters that resulted in positive LSI calculations. The calculations 

indicate that the conditions for calcite precipitation were primarily met in the epilimnion (0–5.5 

m), occasionally in the uppermost metalimnion at 6 meters depth (Table 5.2). Calcite 

precipitation was predicted between the sampling months of June 2020 and October 2020 when 

water temperature ranged between 15 and 25 °C, alkalinity ranged from 240 to 290 mg/L, 

calcium ranged from 50 to 65 mg/L, conductivity ranged from 510 to 620 μS/cm, and pH 

exceeded 7.76 (Table 5.2). Parameters required for LSI calculations were only monitored one 

day per sampling month and therefore do not definitively represent the full precipitation 

processes that are occurring between samplings. Unfortunately, due to high analytical costs, 

water chemistry was not analysed from the upper 10 m of the mixolimnion during several 

expeditions, limiting the value of LSI analysis.  

 

Table 5.2 Results of LSI calculations indicating the months and depths where calcite 

precipitation is predicted by higher pH (basic), warm temperatures, and elevated concentrations 

of calcium, conductivity, and alkalinity (i.e., yielding positive LSI values, shown here). The full 

suite of LSI calculations can be found in Appendix B, Table B.1. 
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Date Depth 
(m)  

Temperature 
(°C) 

pH Conductivity 
(µS/cm) 

Ca2+ 
(mg/L) 

Alkalinity 
(CaCO3) 
(mg/L) 

pHs 
LSI  

(pH – pHs) 

24-Jun-2020 0 20.2 8.02 545 54.4 244 7.8 0.22 

23-Jul-2020 

0 25.4 7.93 521 48.4 240 7.7 0.23 

2 25.4 8.09 514 48.5 241 7.7 0.39 

4 20.8 7.94 591 61.9 274 7.6 0.34 

6 15.8 7.88 615 65.1 290 7.7 0.18 

20-Aug-
2020 2 23.6 7.76 522 50.7 248 7.7 0.06 

28-Sep-2020 
2 19.6 7.91 539 49.8 254 7.8 0.11 

6 19.5 7.81 543 49.4 251 7.8 0.01 

19-Oct-2020 
0 14.9 8.50 558 54.4 263 7.8 0.70 

4 15.2 8.51 559 51.8 246 7.9 0.61 

Sampling 
Range 0-6  14.9-25.4 7.76-8.51 514-615 48.4-65.1 240-290   

      5.3.2 Bathymetric Profiles and Volume Calculation  

The bathymetric chart of Crawford Lake (Figure 5.1) was used to create approximately 

north-south and east-west bathymetric profiles of the basin that were used to calculate lake 

volume (Figure 5.6). Using the formula for area of an ellipse and the Taube (2000) formula for 

calculating the volume of each cone shaped frustrum (see Chapter 3 of this thesis), the volumes 

of the 3-meter contour intervals were calculated (Table 5.3). The mixolimnion holds over ~90% 

of the total lake volume, as ~266,000 of the total 293,000 m3 is found between 0 and 15 m water 

depth. Only ~27,000 m3 or ~9% of the lake volume is found in the physically isolated 

monimolimnion, below the permanent chemocline where varved laminations are deposited and 

preserved. 
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Figure 5.6 Bathymetric profiles of Crawford Lake’s elliptical sinkhole basin, A) trending along 

the long axis (south–north), and B) along the short axis (west–east). Shading identifies the 

epilimnion (~0–5.5 m; unshaded), metalimnion (5.5–12.5 m; light gray shading), hypolimnion 

(12.5–15.5 m; medium gray shading), and monimolimnion (>15.5 m; darkest gray shading).  

Crawford Lake’s mixolimnion (0–15.5 m) accounts for ~91% of the total lake volume, 

permanently isolated from the monimolimnion that comprises the remaining ~ 9%. The transects 

used for the north-south and west-east profiles can be seen in Figure 3.3 of this thesis.  
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Table 5.3 Distribution of lake volume in 3-m intervals presented in Boyko’s (1973) chart.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.3 Microscopic Analysis of Sediment Trap Samples and a Deep Basin Varved Couplet  

Sediment traps were installed at Crawford Lake at 5.5 and 15.5 m on August 21, 2020, to 

capture the particulate organic and inorganic contents that descended through the water column. 

Only the acid-resistant organic fraction of the sediment that accumulated in the traps between 

August 21 and October 19, 2020, was analysed by A. Krueger (Appendix C), but both the 

Depth Strata (m) 
 

Volume (m3) 
 

% 
 

0–3 82,160 28.1% 

3–6 70,586 24.1% 

6–9 56,531 19.3% 

9–12 35,853 12.3% 

12–15 20,543 7.0% 

15–18 14,138 4.8% 

18–21 8,993 3.1% 

21–24 3,717 1.3% 

TOTAL 292,525 100% 

Estimated Volume by Zone in Crawford Lake 

Epilimnion (~ 0–5.5m) ~ 152,746 ~ 52.2% 

Metalimnion (5.5–12.5 m) ~ 92,384 ~ 31.6% 

Hypolimnion (12.5–15.5 m) ~ 20,543 ~ 7.0% 

Monimolimnion (15.5–24 m) ~ 26,849 ~ 9.2% 
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organic and inorganic fractions that accumulated from October 19, 2020, to June 18, 2021 

(capturing fall, winter, and spring processes; Figure 5.7) and from June 18 to September 17, 

2021 (capturing summer processes: Figure 5.8) were analysed as the inorganic component of the 

varves became increasingly important to understand. 

 

Qualitative analysis performed by examining strew slides of the inorganic fraction after 

the organic fraction was largely removed by oxidation, identified distinct differences in the 

abundance and size of calcite crystals, both seasonally and through the water column. 

Representative images of the October – June, and the June – September intervals are shown in 

Figures 5.7 and 5.8.  Many small (~ 2–10 μm) calcite crystals precipitated in the epilimnion and 

accumulated in the upper trap, at the contact between the epi- and metalimnion, particularly 

during the summer interval (Figure 5.8). This is consistent with LSI calculations that predicted 

the precipitation of calcite that took place in relatively warm and basic surface waters between 

June and October (Table 5.2). During the cold season, between fall and spring turnover, the 

inorganic fraction in both the top and bottom traps is dominated by biogenic silica and contains a 

few relatively large conchoidal grains of detrital quartz (Figure 5.7). Unfortunately, chemical 

and physical data could not be collected from Crawford Lake in March–May due to Covid-19 

restrictions, precluding LSI calculations over this interval. The larger volume of calcite 

precipitated during the 3-month warm summer interval relative to the 8-month colder interval is 

demonstrated in photographs of test tubes after processing with hydrogen peroxide to remove 

organic matter (Figure 5.9).  
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Figure 5.7 A) The position of sediment traps in Crawford Lake and representative images of the 

inorganic constituents collected in the upper (B - 5.5 m) and lower (C - 15.5 m) traps between 

October 2020 and June 2021. The contents of these traps are shown following hydrogen peroxide 

treatment to remove most of the organic matter through oxidation. Calcite crystals are rare in the 

top trap (B), where biogenic silica dominates the inorganic fraction, but are slightly more 

abundant and slightly larger in the lower trap (C), at the pycnocline/chemocline. The cool, 

circum-neutral pH conditions measured over most of this interval (temperature and pH scale) do 

not favour precipitation of calcite, but the crystals along the pycnocline may have precipitated at 

the surface before fall turnover in 2020.    
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Figure 5.8. Representative images of the inorganic constituents collected in the upper (B - 5.5 

m) and lower (C - 15.5 m) traps between June and September 2021. The contents of these traps 

are shown following hydrogen peroxide treatment to remove most of the organic matter through 

oxidation and show tiny calcite crystals in addition to remaining organic matter and biogenic 

silica in the upper trap (B) and much larger calcite crystals in the lower trap (C). Calcite 

precipitation is favoured in the epilimnion (A - no shading) during the summer interval, when 

water temperature ranged between 15 and 25 oC and pH was slightly basic, ranging between 7.8 

and 8.5 (see scales above cross-section). The presence of fewer, but much larger crystals in the 

lower trap, suggests that these crystals grow when they accumulate along this density contrast 

and encounter Ca2+ and CO32- saturated water along the chemocline. Accumulation of these 

calcite crystals is depicted on the lakebed, forming the light-coloured summer varve couplet.  
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Figure 5.9. Photograph taken of the inorganic contents of the top sediment trap collected in 

September 2021 (right), and of the bottom trap collected in June 2021 (left). The trap collected 

following the three-month warm season (right) shows a substantially larger volume of light-

coloured, calcite-rich material compared to material collected in the deep basin sediment traps 

during the colder eight-month sampling interval (left), when little calcite was precipitated in the 

epilimnion.  

 

The larger size of calcite crystals captured in the lower trap over both sampling intervals 

suggest that crystals grow as they encounter the Ca2+ and CO32- saturated water at the 

chemocline, where they are likely prevented from sinking by the sharp density contrast at the 

permanent pycnocline. The increase in crystal size is particularly striking in the summer when 

crystals approximately up to 70 μm in diameter are captured in the deeper trap at the boundary 

between the hypolimnion and monimolimnion. The mechanism is not fully understood, but 

presumably the small crystals act as nuclei around which the abundant Ca2+ and CO32- ions 
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accrete, as was discussed by Brunskill (1969), Müller et al (2016), and Morse et al (2007). These 

larger calcite crystals are able to sink through the dense waters of the monimolimnion to the 

lakebed, forming the light-coloured couplets.   

 

The remains of organic-walled plankton captured in the sediment traps on their detrital 

descent to the lakebed comprise the dark-coloured couplets (see Appendix C). These organic 

particles were abundant in the top trap in the 3-month interval from mid-June to mid-September 

2021 (#3 in the upper trap image in Figure 5.10) and in the 2-month interval from mid-August to 

mid-October 2020 (#1 in the upper trap image in Figure 5.10), reflecting the high productivity in 

the epilimnion of Crawford Lake between spring and fall turnover (Heyde 2021). The much 

lower concentrations of palynomorphs that accumulated in the top trap between October 2020 

and June 2021 (#2 in the upper trap image in Figure 5.10) is indicative of the much lower 

productivity. Most of the organic matter sinks to the chemocline when waters become isopycnal 

(equal density) at fall turnover (see Figure 5.4) where the cooler surface waters and shorter day 

length contributes to mass die-off of phytoplankton in surface waters (#1 in the lower trap image 

in Figure 5.10). This, combined with the influx captured in the lower trap between fall and 

spring turnover (#2 in the lower trap image in Figure 5.10), contributes most of the organic 

matter to the lakebed. Very little organic matter sinks to the chemocline during the summer, in 

part because most plankton thrive during the long, warm days, and in part because of the strong 

thermal stratification that develops in the mixolimnion through the summer (see Figure 5.4). As 

a result, the ‘summer’ couplet is composed dominantly of inorganically precipitated calcite.  
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Figure 5.10 Organic-walled aquatic microfossils (palynomorphs) in sediment traps deployed in 

the deep basin of Crawford Lake contain eukaryotic algae and their consumers (see schematic in 

Figures 5.7 and 5.8).  Sedimentation intervals represent mid-August – mid-October 2020 (#1), 

mid-October 2020– mid-June 2021 (#2), and mid-June – mid-September 2021 (#3) (Krueger and 

McCarthy, in prep.; see Appendix C). These non-pollen palynomorphs typically outnumber 

pollen in ‘pollen slides’ of varved sediments. 
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Microscopic examination of the light and dark laminae subsampled from the thick 1935 

couplet in the 2011 core (Figure 5.11) confirms that inorganic calcite that precipitates in the 

epilimnion during warmer seasons forms the lightly coloured laminations in the monimolimnion 

that cap organic matter depositing during the rest of the year. The photomicrographs of strew 

slides of sediment trap samples (Figure 5.7 & 5.8) and of the light- and dark-coloured couplets 

dated to 1935 CE (Figure 5.11) illustrate the abundance of micro-crystalline calcite in both 

sediment traps following oxidation using hydrogen peroxide (5.5 and 15.5 m) and in the light-

coloured 1935 lamina. The dark organic layer of the couplet is rich in amorphous organic matter 

(partly decomposed by bacteria) and particulate organic matter, primarily the remains of 

eukaryotic algae and their consumers, such as the rotifer lorica illustrated in Figure 5.11. 
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Figure 5.11 The contents of the thick 1935 light (A) and dark (B) varve couplets (unoxidized) 

subsampled from the 2011 CL core and analyzed under 400 x magnification (scale bar represents 

50 μm). A concentrated matrix of smaller calcite crystals (~ 5-25 μm) is evident in the sample 

taken from the lighter warm season couplet (A). The dark couplet is dominated by amorphous 

and particulate organic matter, with much smaller volumes of calcite crystals (B). 

 

5.4 Discussion  

5.4.1 Deposition of Varve Couplets  

Lacustrine sedimentary laminations are classified as clastic, biogenic, or endogenic, and they 

often accumulate as a mixture of these end members, associated with seasonal climate variability 

(Zolitschka et al. 2015; Anderson and Dean 1988). As a result, direct and incremental dating of 

laminations in varved sediments (i.e., ‘varve-counting’) provides the opportunity to achieve 

annual and sometimes even seasonal resolution (Ekdahl et al. 2004; Serack, 2021; Lafond et al. 

in prep.). A variety of biological and physicochemical proxies in these varved sedimentary 

sequences allow for reconstruction of paleoclimate (e.g., Larocque-Tobler et al. 2015), 

paleolimnology (e.g., McCarthy et al. 2018; Krueger and McCarthy 2016), and the response to 

anthropogenic activity (e.g., Randsalu-Wendrup et al. 2012; Krueger and McCarthy 2016; 

Gushulak et al. 2021). This allows changes recorded by proxies in the sediments to be correlated 

to calendar ages and events in the historic record.  

The cyclical deposition of varves is primarily controlled by the annual climatic variation and 

watershed conditions, including geology, hydrology, vegetation coverage, and local 

anthropogenic impact, which can affect the potential for sediments to accumulate and be 

preserved as alternating laminae (Zolitschka et al. 2015). Clastic laminations typically form in 
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colder climates where low organic productivity and scarce vegetation coverage result in the 

cyclical deposition of terrestrial sediments. In these regions sediment transfer is related to the 

amount of snow-melt runoff (Hardy et al. 1996; Cockburn and Lamoureux 2008), runoff derived 

from rainfall during the warmer seasons (Lapointe et al., 2012), and the freeze-thaw cycle 

(Zolitschka et al. 2015). These varves form as coarser sediments (silts) are depositing primarily 

during the increased discharge that occurs during peak snowmelt, while finer grained materials 

(clays) deposit slowly, often when ice coverage decreases lake turbulence (Hardy et al. 1996; 

Cockburn and Lamoureux 2008). Endogenic laminations consist of chemically precipitated 

sediments that can be either physically or biologically induced (Last, 2001). The precipitation of 

these minerals including calcite (CaCO3) occurs during periods of increased temperatures, when 

algal blooms decrease pH in the epilimnion and therefore increase calcite solubility. Biogenic 

laminations form in temperate, nutrient-rich lakes, when the biomass of primary producers and 

their consumers descend to the lakebed as organic detritus, forming dark organic-rich laminae 

throughout the year, with the largest influx of TOC occurring when epilimnion temperatures 

drop (Zolitschka et al. 2015).  

The type of seasonal control on the depositional processes that produce lacustrine 

sedimentary varves depends on physical and chemical characteristics of each lake basin, but 

endogenic-organic varves, such as those found below the chemocline in Crawford Lake (Figure 

5.1 and 5.12), commonly result from precipitation of calcite in the summer capping organic 

matter sourced from primary and secondary productivity in the water column (Figures 5.7 - 

5.11).  The seasonal control of alternating layers of biogenic organic matter and endogenic 

calcite (Figure 5.12) deposited in Crawford Lake by seasonal variation in limnological 

conditions was suggested by Dickman (1979, 1985).  Langelier Saturation Index calculations 
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based on physicochemical characteristics of the Crawford Lake water column confirmed that 

calcite precipitates from slightly basic waters in the epilimnion and uppermost metalimnion 

during the warm season (Figure 5.8), further quantifying the assumptions of Dickman. Dickman 

assumed that much of the organic matter was derived from the mass mortality of anaerobic 

bacteria during rare ventilation of the hypolimnion and attributed the preservation of these 

laminae to anoxic conditions in the monimolimnion. Anoxia has been shown to be a very rare 

occurrence over the past millennium (Heyde 2021; this thesis, chapter 4; P. Leavitt et al., 

unpublished data), and it is possible that land disturbance associated with construction of park 

infrastructure after Conservation Halton took over the site in 1970, followed by archaeological 

investigations in the 1970s and 1980s introduced sufficient organic matter into Crawford Lake to 

promote short-lived anoxia through enhanced biochemical oxygen demand (BOD) when 

Dickman and his students were investigating the limnology of Crawford Lake. Concurrent with 

this thesis, analysis of the organic content of sediment traps deployed at the base of the 

epilimnion and along the chemocline revealed a diverse assemblage of organic-walled algae and 

their consumers (Figure 5.10; Appendix C) although the remains of both nitrogen-fixing and 

non-nitrogen fixing cyanobacteria are also common in the water column and in palynological 

preparations of sediments (Heyde 2021).  
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Figure 5.12 Factors and processes controlling the formation of varved sediments in lacustrine 

settings (A) and a simplified model of a mixed organic varve, consisting of organic matter 

capped by inorganic calcite, modified to illustrate the window of calcite precipitation in 

Crawford Lake that extends into the early fall (B).  Modified from Zolitschka et al. (2015). 

 

5.4.2 Precipitation and sedimentation of calcite crystals- implications for varve 

chronology 

Detritus appears to have accumulated continuously over the past millennium, but not 

constantly (see Figure 5.3). The mass accumulation rate (MAR) of total organic carbon (TOC) 

as well as calcite (CaCO3) was approximately five times higher during the Canadian zone (since 

1867 CE) than it had between following the abandonment of the Iroquoian settlement in the late 

15th century, coinciding with the coldest period of the Little Ice Age (Lamb 1972). Annual 

resolution of the alternating couplets is not possible until the site was first settled by Indigenous 

agriculturalists in the latter part of the 13th century (marked by the first consistent calcite layers 
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in freeze cores), so the chronology relies on radiocarbon through the rest of the record of 

sediment since deglaciation (Yu 2003). The occupation of the Crawford Lake catchment and the 

agricultural settlement by the Iroquoian people (~1268–1486 A.D) resulted in cultural 

eutrophication, as an increase in the influx of limiting nutrients caused productivity to rise, 

increasing the MAR of both the inorganic and organic components of the varves in Crawford 

Lake, resulting the individual couplets becoming discernable (see Figure 5.3).  

Ekdahl et al (2004) had surmised that annual resolution was not always possible through the 

Little Ice Age (between the Iroquoian and Canadian zones – see Figure 5.3), explaining the 

discrepancy between their varve counts below the Canadian zone and the 28 AMS radiocarbon 

ages obtained from their 80 cm freeze core.  This discrepancy was recently confirmed using a 

novel high-resolution imaging protocol developed at Carleton University to photograph freeze 

core CRW19-2FT-B2, collected in February 2019 from 23 m below the lake surface. Stitching 

individual images into one cohesive image using Adobe Photoshop allowed the thickness of 

individual varves to be measured using pixel counting (Lafond et al., in prep.; Figure 5.13).  

These varve counts were identical to those of Ekdahl et al. (2004) through the Canadian zone but 

the top of the Iroquoian zone (confirmed by siliceous microfossil analysis of the last of the 

distinct varves in the lower part of the core; Gushulak et al. 2021; Marshall 2021) was 

approximately 200 years younger than the estimate of Ekdahl et al. (2004). The estimate of 

1268-1486 CE for the 218 varves associated with the evidence of cultivation by Iroquoian people 

is consistent with the archaeological record (Finlayson, 1998), including recently analysed 

charred corn (Zea mays) kernels dating back to the 15th century from hearths recovered from the 

Crawford Lake site (B. Finlayson, pers. comm., December 2021). The sedimentation rate was 

approximately 1mm/y over the span of Iroquoian settlement, about half of the MAR since 
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approximately 1867 CE (~ 2 mm/y; Figure 5.3). This is consistent with the thinner varves 

containing abundant microfossils produced by cultigens and their pathogens (e.g., spores of corn 

smut as seen in Figure 1.1) than in those rich in Ambrosia (ragweed) pollen that marks land 

clearing by European colonists (see Figure 5.13). 

Approximately half of the years between the two intervals of human impact on the Crawford 

Lake catchment were unresolvable because the summer calcite layer is not visible, even with the 

highest quality imagery. This suggests that the lower primary productivity in surface waters, due 

to the extremely cold winters reported in this part of North America by early explorers like 

Champlain during this coldest part of the Little Ice Age (Lamb 1972), paired with the lack of 

human activity in the catchment did not allow calcite to regularly precipitate in surface waters of 

Crawford Lake between the 16th and 19th century.  
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Figure 5.13 Calcite caps organic detritus on the lakebed below the chemocline when surface 

waters are sufficiently warm and basic, allowing varve ages to be assigned to the sequence in the 

deep basin of Crawford Lake. High-resolution imaging was performed at Carleton University on 

the photograph freeze core CRW19-2FT-B2, collected in February 2019 from 23 m depth.  

Stitching individual images into one cohesive image using Adobe Photoshop was completed by 

Krysten (Serack) Lafond to measure the thickness of individual varves using pixel counting. 

Note that the ages inferred from varve counting prior to the 19th century are not accurate due to 

infrequent calcite precipitation in the absence of cultural eutrophication.  

Langelier Saturation Index predictions derived from chemical and physical data collected 

between February 2019 and September 2021 confirm that the combination of alkalinity, calcium 

concentration, temperature, and pH allowing inorganic calcite to precipitate only occurred 

between late spring and early fall, and only in the upper 6 m of Crawford Lake. Over our study 

interval, positive LSI values, indicating precipitation out of solution, were identified during the 

sampling dates in June (surface), July (surface, 2 m, 4 m, 6 m), August (2 m), September (2 m, 6 

m), and October 2020 (surface, 4 m) (Table 5.2). During the cooler months, and deeper in the 

water column, LSI calculations suggest that conditions for calcite formation were not met. 

Unfortunately, the sampling interval for chemical analysis was not always consistent or frequent 

in the upper few meters of the water column, therefore, in certain months LSI values could not 

be calculated.  

According to the LSI calculations, the maximum depth for calcite precipitation occurred 

during the warm, dry months of July and September 2020, with positive LSI values in the upper 

6 m of the mixolimnion that accounts for over 50% of the volume of the lake (Table 5.2 & 5.3). 

During these months atmospheric temperatures collected from the Oakville TWN climate station 

(Climate ID = 6155750) averaged 25.5 and 17.3 °C with 43.0 and 60.8 mm of total rainfall 
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(Figure 5.14; raw data in Appendix D). In June 2020, calcite precipitation was indicated at the 

surface but not at 5 m, where the next sample for chemical analysis was collected (Table 5.2). In 

October 2020, LSI predictions indicated potential calcite precipitation in the upper 4 m of the 

epilimnion (Table 5.2), but there was no further sampling until 12 m depth where precipitation 

was not indicated. LSI calculations performed in August 2020 suggested calcite precipitation at 2 

m depth (Table 5.2), but not at the surface or at 5 m. Since calcium concentrations, temperature, 

alkalinity, and conductivity were similar between the surface, 2-m, and 5-m samples during the 

August sampling date (Appendix B.1), it suggests that pH was the determining factor here, as 

the pH measured at 2 m (pH of 7.76) is the most acidic composition that would allow for 

precipitation (Table 5.2), while the pH values at 0 and 5 m were slightly more acidic than this 

threshold (pH of 7.38 and 7.47 respectively; Appendix B.1).   

Precipitation data collected from the Oakville TWN station during the sampling interval (~ 

15 km SE; see Appendix D, Figure 5.14) records a large rainfall event (15.6 mm) occurred on 

August 17, 2020 (monthly total of 129 mm), three days prior to the sampling that occurred on the 

20th. The meteoric runoff from this slightly acidic rainfall (average pH = 5.69 collected from the 

Headon Reservoir between 2018 – 2019; Appendix A, Table A.8) may have lowered the pH of 

the epilimnion, resulting in LSI values that did not predict the precipitation of calcite. An 

increase in primary productivity at 2 m relative to in the surface or at 5 m, could have also 

resulted in higher pH at this depth due to decreased concentrations of CO2, and therefore 

carbonic acid. The prediction that calcite would not precipitate in the epilimnion during October 

1, 2019, could also be the result of a slightly lower pH (7.64), as the remaining parameters fell 

within the previously determined threshold range (Appendix B.1). However, the Oakville TWN 

precipitation data (see Appendix D) reported from late September 2019 did not indicate any large 
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precipitation events that may have substantially decreased the epilimnion pH, as only 4.6 mm 

and 3.8 mm of rain fell on the 25th and 27th of September, with a monthly total of 36.2 mm (see 

Appendix D; Figure 5.14).  

Figure 5.14. Summarized daily climate data (temperature °C and total precipitation mm) 

collected at the Oakville TWN climate station (Climate ID = 6155750) ~ 15 km from Crawford 

Lake. The data presented here spans the duration of water column sampling and LSI predictions. 

Months sampled for both physical and chemical parameters (therefore had LSI calculations 

performed) are indicated by a black arrow, while months were only chemical or physical 

parameters were collected are indicated by purple and orange arrows respectively.  

Temperature is an important factor in predicting calcite saturation, given that calcite 

solubility is inversely related to water temperature. Precipitation is limited to periods when water 

temperatures exceed 15 °C, so it is likely that calcite was precipitated in September 2019 and 
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June 2021, but the shallowest samples collected for chemical analysis were taken at 10 and 13 m, 

so this cannot be verified. Temperature and pH profiles collected in September of 2021 also 

support calcite precipitation as temperatures above 15 °C and pH values above 7.76 are found 

within the epilimnion (Figure 5.3). However, no chemical analysis was performed during this 

month, so not all parameters could be accounted for.  

Chemical and/or physical monitoring was not completed at Crawford Lake during the months 

of November – January or March – May (Figure 5.14) due to unsafe ice conditions and Covid-

19 pandemic protocols. The precipitation of calcite during the latter interval is likely the source 

of some of the crystals that were captured in the sediment traps (both at 5.5 and 15.5 m) between 

October 19, 2020, and June 18, 2021, but presumably most of the crystals in the bottom trap had 

been precipitated in surface waters prior to fall turnover, while those in top trap were precipitated 

in the first half of June (Figure 5.7). Comparing climate normals collected from the Burlington 

TS weather station (~25 km away; 1981–2010; see Appendix D) and the summarized daily 

climate data from the Oakville TWN station (Figure 5.14) to the months when water 

temperatures exceeded 15 °C, allowed us to partially extrapolate the effect of atmospherical 

temperature on the water temperature in the epilimnion during this missing interval. The coldest 

month where water temperatures met the LSI threshold (~ 15 °C) was during October sampling 

(2019 and 2020), which has a long-term average atmospherical temperature of 10.4 °C, while 

measuring 11 and 10.1°C in October 2019 and 2020 at the Oakville TWN station (Figure 5.14). 

Between 1981 and 2010 (Burlington TS climate normals) March and April had average 

temperatures of 1.0 and 7.5 °C, measuring 3.9 and 8.4 °C between 2019 and 2021 in Oakville. 

Unlike March and April, May temperatures were a warmer than those in October, with long-term 

average daily temperature of 13.9 °C, measuring 14.9 °C on average over the sampling timeline. 
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Although the October water column would still retain some residual influence of summer 

warming, temperatures in the upper epilimnion could have exceeded the 15 °C threshold in May, 

potentially triggering precipitation of some of the calcite that was captured in the sediment traps, 

although most was likely precipitated in June before sampling took place on the 18th.  

Another important consideration is dilution of the hard waters (high alkalinity and 

concentrations of calcium and magnesium) of Crawford Lake by meteoric precipitation, runoff, 

and snowmelt.  According to the long-term climate normals, May received the highest average 

precipitation of the missing sampling interval (March = 61.6 mm; April = 70.6 mm; May = 81.0 

mm) which would result in a higher inflow of meteoric water into the epilimnion, and potentially 

an influx of snowmelt depending on the available snowpack at this time. The more recent 

precipitation data collected in Oakville (Figure 5.14) does not indicate this increase in 

precipitation however, as the March, April, and May averaged 58.6, 66.5, and 66.5 mm of 

precipitation between 2019 and 2021. Regardless, the small size of the catchment (~1.52 km2), 

the increase in primary productivity during this time (decreases the CO2 / H2CO3, therefore 

leading to higher pH), and the high buffering capacity of the alkaline waterbody could have 

maintained the epilimnion pH to values over ~ 7.76, allowing calcite precipitation to occur.  

Based on volumetric calculations (Table 5.3), about 52% of Crawford Lake’s volume (~0–6 

m) met water temperatures and chemical properties that would encourage calcite precipitation at 

times between late spring and early fall. The resulting calcite would gradually settle through the 

water column and although some would dissolve upon sinking through the colder, lower pH 

meta- and hypolimnion (especially before the mixolimnion warmed), the remainder would be 

deposited as a discrete layer below the monimolimnion – apparently after recrystallizing to form 
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larger crystals along the chemocline. Over most of the lakebed, however, the precipitated calcite 

would be indistinguishable from the organic-rich marl into which burrowing invertebrates would 

mix the calcite crystals.  

Various experiments analysing calcium carbonate solubility in relation to a multitude of 

factors (i.e., changes in temperature, pH, pressure, CO2 abundance, and atmospheric contact) 

(Coto et al. 2012; Berthold 2016) are consistent with the estimated window for the precipitation 

of calcite in Crawford Lake. Coto et al (2012) simulated an array of situations which effect the 

solubility of calcium carbonate, including decreasing a solution’s pH, such as through the 

introduction of atmospheric carbon dioxide (CO2) that dissolves producing carbonic acid 

(H2CO3). This simulation agrees with the findings from Crawford Lake, where an increase in pH 

due to the photosynthetic removal of CO2 and carbonic acid would decrease the solubility of 

calcite, resulting in the precipitation of crystals. The Coto et al. (2012) experiments also 

illustrated the importance of warm water temperatures for promoting calcite precipitation, related 

to the ability for colder water to hold more dissolved gases in solution. Berthold (2016) found 

that when the input of CO2 from atmospheric exchange is not available (i.e., no air contact, as in 

the monimolimnion), the relationship between increasing temperatures and decreasing solubility 

has less effect on solubility (Figure 5.15). This is likely not a large contributing factor in the 

precipitation of calcium carbonate in Crawford Lake, however, due to the recharging effect of 

high alkaline (CO3-2 +HCO3-) groundwater into the deep basin established in carbonate-rich 

strata. The increase in pressure, caused by increasing water depth, allows for larger volumes of 

CO2 to be held in the water column, driving Equation 5.3 to the right, and contributing to the 

decrease in pH found in the monimolimnion of Crawford Lake, although the high concentration 

of organic matter probably contributes even more to the unexpectedly low pH.   
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Equation 5.3  

H2O + CO2 = H2CO3  

 

• where H2O represents water 

• where CO2 represents carbon dioxide  

• and where H2CO3 represents carbonic acid 

 

 

Figure 5.15 The solubility of calcium carbonate with increasing temperatures in air (CO2) and 

without atmospheric contact (Berthold 2016) - the latter being the situation in the 

monimolimnion of Crawford Lake. The 2012CMPR results were collected from one of the 

experiments ran by Coto et al (2012). 

The formation of calcite is not favoured in the cold, slightly acidic waters of the deep basin, 

but the high concentrations of calcium and carbonate create conditions likely to be in equilibrium 

over the long term (Equation 5.4). Some of the high calcium and carbonate ion concentrations 



 138 

sampled in the monimolimnion could be attributed to the preferential dissolution of the smaller 

descending calcite crystals as seen in Ramish et al (1999) and Apolinarska et al (2020, 2021). 

However, the research presented in Chapter 4 of this thesis (and Llew-Williams et al., in prep) 

suggests that most of these ions are sourced from groundwater intrusion below the chemocline, 

occurring through preferential groundwater flow zones like those discussed in Priebe et al 

(2018). This is displayed by the similar chemical signatures found in Crawford Lake to those 

found in groundwater wells screened within units of similar bedrock geologies (collected from 

the Provincial Groundwater Monitoring Network).  

The presence of larger crystals collected from the sediment trap at the chemocline relative to 

the microscopic crystals captured in the trap at the base of the epilimnion (Figures 5.7 and 5.8) 

suggests that the smaller calcite crystals settle to the pycnocline where the density difference 

allows for the accumulation of calcite at this boundary. Some of the smaller crystals may be 

dissolved by the more acidic and colder nature of these waters, although the abundances of 

Ca+2 and 2HCO3- allow large crystals to grow around nuclei prior to descending through the 

density barrier and into the monimolimnion, assisted by their larger mass (Stokes’ Law).  

Equation 5.4 

CaCO3 + H2CO3 = Ca+2 + 2HCO3-  

 

• where CaCO3 represents calcium carbonate  

• where H2CO3 represents carbonic acid  

• where Ca2+ represents calcium ions 

• and where HCO3- represents bicarbonate ions 
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5.5 Conclusions  

Comparing laminations with radiocarbon ages of upland plant macrofossils illustrates that 

true varves, i.e., those with organic sedimentation capped by inorganically precipitated calcite 

crystals in the warm season, only accumulate annually below the chemocline of Crawford Lake 

when the influx of limiting nutrients enhances primary productivity in this naturally oligotrophic 

lake. Applying Langelier Saturation Index calculations to physical and chemical characteristics 

of the water column over the period of this study illustrates the importance of sufficient 

alkalinity/ availability of calcium and carbonate ions, pH values above 7.76 promoted by high 

primary productivity in the epilimnion and uppermost metalimnion that sequesters CO2, as well 

the importance of water temperatures >15 °C. Over the last millennium, consistent precipitation 

of the endogenic calcite was facilitated by cultural eutrophication between the late 13th and 15th 

centuries and since the mid-19th century that made surface waters less acidic.  The sequestration 

of carbon by high rates of photosynthesis in the epilimnion and upper metalimnion between late 

spring and fall turnover allows large volumes of crystals of calcite to slowly settle to the lakebed, 

capping an organic lamination of organic detritus comprised primarily of the remains of 

phytoplankton and their consumers whose influx is highest following fall turnover. The density 

contrast along the permanent pycnocline, the result of a sharp chemocline (~ 15.5 m), appears to 

slow their descent, allowing crystals to grow when they encounter the much higher 

concentrations of Ca+2 and CO3-2 in the monimolimnion.  

The undisturbed accumulation of the distinct seasonally laminated sediments beneath the 

chemocline of Crawford Lake offers a chronologically precise record of environmental and 

anthropogenic change at a global as well as local scale that could be of value as a Global 
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boundary Stratotype Section and Point for the Anthropocene Series/ Epoch (Waters et al., 2018; 

Waters and Turner, 2020; Waters et al., 2019). The Anthropocene Working Group presently 

favours the increase in atomic bomb testing and the resulting plutonium fallout that began in the 

1950s as a primary guide to recognise the base of the Anthropocene (Waters et al. 2015; 

Zalasiewicz et al. 2019). The plutonium fallout from above-ground nuclear testing that is 

incorporated into lake sediments that remain oxic (i.e., the monimolimnion of Crawford Lake), 

will be less mobilized than in an environment that is anoxic or anaerobic (Geckeis et al., 2016; 

Francis, 2007). This includes environments that typically preserve varved sediments. The strong 

bomb effect is obvious in the radiocarbon analysis of the proposed Anthropocene sediments from 

Crawford Lake, that overprints the old carbon effect from the Silurian dolomitic basin. This 

suggests that the (ongoing) results of plutonium analysis, will yield a measurable and precise 

global stratigraphic signal, making the varved sediments of Crawford Lake a strong candidate as 

a GSSP for the Anthropocene Epoch.  
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Chapter 6 The hydrological and isotopic response of downstream environments to the 

climate-induced landscape and meteorological changes being experienced in Old Crow 

Flats, Yukon   
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6.1 Introduction  

Old Crow Flats (OCF) is an extensive 5600-km2 Arctic wetland that encompasses over 

8700 shallow thermokarst lakes. OCF has the highest concentration of wetlands and fluvial 

systems of the Yukon ecoregions (Figure 6.1A) covering 40% of the landscape (Smith et al, 

2004; MacDonald et al, 2012). The OCF watershed encompasses both the OCF (5600-km2) and 

the surrounding mountain ranges, extending 14,000 km2. These mountain ranges include the 

British and Richardson Mountains, as well as the Barn, Brooks, and Old Crow Ranges (Figure 

6.1B). A drainage network transports surface water from these surrounding mountain ranges via 

the Old Crow River, and the various tributaries that discharge into the Old Crow River (Figure 

6.1C). These tributaries include Thomas Creek (TC), Potato Creek (PC), Black Fox Creek (BF), 

Schaeffer Creek (SC), Johnson Creek (JC), and King Edward Creek (KC) (Figure 6.1C). The 

Old Crow River flows south prior to joining the westward flowing Porcupine River, which 

eventually drains into the Yukon River, Alaska.  
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A) B) 

C) 
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Figure 6.1 A) A map of the ecoregions of the Yukon including the OCF, the Old Crow Basin, 

and the Richardson-British Mountains regions that are included in this study (Scudder, 1997). B) 

A map of the physiographic regions and morphological belts of the Yukon displaying the OCF 

and the surrounding mountain ranges (Adapted from Smith et al (2004), Mathews (1986), and 

Gabrielse et al. (1991)). C) A map of the entire OCF watershed, the various tributaries involved 

in the hydrological monitoring program, as well as their individual highlighted catchments. The 

monitoring stations along the tributary networks have been illustrated, as have the mountain 

ranges that delineate OCF. Only the lakes included in the monitoring program have been 

indicated in this figure as this Chapter focuses on the river network (Adapted from Kay et al., in 

preparation).  

 
The high northern latitude of OCF has resulted in the landscape being permeated with 

ice-rich permafrost (Zazula and Froese, 2013). Findings from MacDonald et al., (2021) used 

climate and meteorological normals data collected regionally to demonstrate the primary 

hydrological drivers within OCF. The long-term trends in temperature, thaw season precipitation, 

and thaw season length between 1981 and 2019 indicate a trend of increasing temperature in the 

winter season (consistent since 2013), an increase in thaw season length (2007-2019), and an 

increase in thaw season precipitation (rainfall - especially between 2007 and 2011) (MacDonald 

et al., 2021). These factors indicate a transition towards a wetter and warmer climate within the 

landscape of OCF. An increase in rainfall has been found to increase connectivity between the 

terrestrial and limnological features in a catchment, lake-river connectivty, as well as increase 

the potential for lake expansion and drainage events. These drainage events can in turn supply 

additional organic and inorganic materials to the downstream river network (Beel et al., 2021; 

Lantz and Turner, 2015).  
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Like other lake-rich permafrost environments, the landscape of OCF is sensitive to the 

changes in climate that have been more intense across northern regions during recent decades. 

These climate changes, including the documented warming of the OCF (MacDonald et al., 

2021), cause shifts in the timing and magnitude of precipitation events (IPCC, 2014; Beel et al., 

2021; MacDonald et al., 2021). For example, warmer and wetter conditions have driven an 

increase in the frequency of catastrophic lake drainage (Lantz and Turner, 2015) and 

retrogressive shoreline thaw slumping events (Zazula and Froese, 2013) in OCF.  Rapid lake 

drainage events such as the 2007 event of Zelma Lake have been found to allow for the 

proliferation of tundra vegetation in drained lake basins. This in turn alters local ecology, runoff 

capabilities, and snowpack retention (Tondu et al., 2016).  

 

 Warmer and wetter conditions across the OCF landscape are expected to have resulted in 

permafrost thaw. Arctic environments hold substantial volumes of organic carbon within the 

permafrost filled sediments and act as important sinks and sources for atmospheric CO2 and CH4 

and overall carbon cycling (McGuire et al., 2009; McGuire et al., 2010b). At-risk permafrost is 

estimated to hold approximately half of the total organic carbon volume of the Arctic while only 

covering ~ 20% of area and are poised to drastically increase the release of greenhouse gasses 

into the atmosphere with continued degradation (Olefeldt et al., 2016; Turetsky et al., 2020; 

Keskitalol et al., 2021). Shallow depressions form in the surface when ice-rich permafrost thaws. 

Thermokarst lakes and ponds located in these northern landscapes are the result of this 

permafrost thaw and ground subsidence. Surface water accumulates in depressions (Bouchard et 

al., 2016) (Figure 6.2). Ponds coalesce and form shallow (< 4 m) thermokarst lakes and ponds, 

which can persist for centuries or millennia. These dynamic surface water bodies (both ponds 
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and lakes) are prone to expansion and drainage into adjacent areas of low elevation, including the 

incised river network of OCF.  In OCF and other Arctic landscapes, thermokarst lakes have been 

found to undergo rapid drainage events and increased hydrological connectivity through several 

mechanisms that are representative of permafrost degradation, altered precipitation patterns, and 

climate warming (Smith et al., 2005; Jones et al., 2011; Arp et al., 2018; Nitze et al., 2018a; 

MacDonald et al., 2012; Turner et al, 2014; Jones et al 2020; Jones and Arp 2015; Lantz and 

Turner 2015; Rowland et al 2010). This lateral lake drainage and overall connectivity typically 

occurs through the degradation of near surface permafrost-filled shorelines, primarily through the 

thawing of interconnected ice wedges or the formation of flow tunnels or channels (Nitze et al., 

2021; Mackay 1988; Marsh et al., 2009; Yoshikawa and Hinzman, 2003; Jones et al., 2020a). 

Lake-river connectivity has also been correlated to an increase in precipitation that can cause 

bank overflow, channel formation, and the destabilization of banks (Jones and Arp 2015; 

Mackay 1988). Thick layers of Quaternary clay sediments in OCF are believed to impede the 

vertical drainage of the thermokarst basins via talik formation as is characteristic of other 

permafrost dominant Arctic landscapes (Yoshikawa and Hinzman, 2003; Turner et al., 2013, 

2014).  
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Figure 6.2 A depiction of thermokarst lake formation (bottom to top) displaying how thawing 

permafrost-rich sediments and ice wedges results in the formation of depressions, and the 

pooling of excess water (Matuszewski 2017).  

The lateral movement of water across OCF, including lake expansion and snowmelt 

events, as well as the input of rainfall is captured by the Old Crow River network. This network 

of rivers and creeks has become incised within the glaciolacustrine sediments relative to the 

numerous perched thermokarst lakes (Figure 6.3). Due to ability of the river network to capture 

hydrological changes across the OCF landscape, the continued longterm monitoring of this 

remote drainage network can provide insight into how the documented climate-induced landcape 

changes in OCF have influenced water chemistry downstream. Stable water isotope samples 

have been collected from a network of 38 lake and stream stations (14 lake & 24 streams) since 
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2007 (2007 – 2009 and 2015 – 2019) to track the changing degree of lake-river connectivity, 

runoff generation, the varying contributions from hydrological endmembers (e.g., rain, snow, 

permafrost, lake), and the degree of evaporation across the OCF (Turner et al, 2013, 2014; 

MacDonald et al., 2021). These stable water isotope tracers and a suit of geochemical parameters 

collected from the river and creek network are being included in this analysis. The geochemical 

signature of the streams are also being compared to the geology and geochemistry of the rocks 

and sediments that form the headwaters (mountain ranges), and the OCF which the tributaries 

flow through.  

 

 

Figure 6.3 Photo captured during the 2009 OCF field work (photo courtesy of Kevin Turner). 

This image captures how the Old Crow River is carved within the glaciolacustrine sediments of 

the Old Crow Flats relative to a perched thermokarst lake that appears to be draining into the 

river network.  
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The rapidly changing landscape and climate conditions in OCF are poised to alter the 

degree of connectivity between stream and lake network as the frequency of lake drainage events 

increases, and the regional precipitation trends transition towards a more rain dominant 

composition (MacDonald et al., 2021). These changes have ramifications on the lateral 

movement and connectivity of surface water throughout OCF, however, few long-term 

monitoring programs have documented these responses. In response to the concerns over 

potential impacts of climate change, a Government of Canada International Polar Year program 

(IPY; 2007-2008) was motivated by the Vuntut Gwitchin First Nations (VGFN) during 2006, 

entitled, “Environmental change and traditional use of the Old Crow Flats in northern Canada 

(Yeendoo Nanh Nakhweenjit K’atr’ahanahtyaa)”. OCF is the traditional territory of the VGFN 

who continue to utilize the rich resources of OCF in order to maintain their way of life. A 

continuation of this research program, which is presented here includes assessment of the 

impacts of climate and landscape change on downstream environments using the annual 

monitoring program of river water hydrology and chemistry through major ions, nutrients, and 

stable water isotope tracers. The results of this ongoing long-term study have documented spatial 

and temporal patterns in the hydrological responses within a climate-sensitive landscape. 

 

Findings from MacDonald et al., (2021) include key isotopic trends displayed in the 14 

thermokarst lakes between 2007 and 2019. The 14 lakes were taken from a larger sampling 

network of 58 OCF thermokarst lakes, due to the hydroecological diversity and catchment 

characteristics that were found to be representative of the lakes across OCF (Tondu et al., 2013; 

MacDonald et al., 2021). The isotopic composition of these 14 lakes have been measured (δ L) 

(MacDonald et al., 2021; MacDonald et al., 2012; Turner et al., 2009) and applied to the 
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coupled-isotope tracer approach (Yi et al, 2008) in order to extract the isotopic composition of 

input water (δ I) from various sources, and the evaporation-to-inflow ratios (Equation 6.1). 

 

Equation 6.1: 

E/I = (δ I – δ L) / (δ E – δ L) 

 

• where δ L represents the isotopic composition of the monitoring lakes  

• where δ I represents the isotopic composition of input water from various sources  

• where δ E represents the isotopic composition of evaporated vapor  

 

The relative contributions of the hydrological sources of input to the monitoring lakes (δ I) 

were tracked over time (2007 – 2009 and 2015 – 2019) and compared to the local isotopic ranges 

of hydrological endmembers to see how these driving factors are changing with altering climate 

and landscape characteristics (Figure 6.4; MacDonald et al., 2021). The endmembers used in 

MacDonald et al., (2021) included regional isotopic values collected from an online database 

(waterisotopes.org) for rainfall which ranged from -20.6 to -19.0‰ δ18O and -152 to -144‰ δ2H 

(waterisotopes.org; Bowen 2019), snowfall which is isotopically lighter demonstrated by the 

local composition range of -35.7 to -27.4‰ δ18O and -262 to -203‰ δ2H (waterisotopes.org; 

Bowen 2019), and a proxy for permafrost thaw that ranged (syngenetic peat pore-ice) from -21.0 

to -18.6‰ δ18O and from -166 to -154‰ δ2H (Bandara et al 2020) (Table 6.1). Following the 

isotope framework laid out by Tondu et al (2013), the Local Evaporation Line (LEL), a line that 

deviates from the Global Meteoric Water Line (GMWL), was calculated by monitoring a class-A 

evaporation pan and meteoric data (2007-2010). A visual distribution of δ18O and δ2H in 
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precipitation across North America has been included for the months of January and August to 

display the seasonal isotopic variation in snowfall and rainfall with latitude (waterisotopes.org; 

Figure 6.5).  

 

 

Figure 6.4 Time series results from the 14 monitored thermokarst lakes of OCF (2007 – 2019) 

during the spring and fall sampling seasons (reproduced from MacDonald et al., 2021). A) and 

B) display the δ18O composition of input waters while C) and D) display changes in evaporation-

to-inflow (E/I) ratios during the sampling timeline. Vertical lines in A) and B) indicate the 

isotopic ranges for rain and snow (waterisotopes.org; Bowen 2019), and ice-wedge and 

syngenetic peat pore ice (permafrost proxy; Bandara et al., 2020), while the dotted lines indicate 

the mean annual composition of precipitation (Tondu et al., 2013). The dashed line in C) and D) 

represents the 0.5 E/I threshold used to classify evaporation-dominant lakes in OCF (Turner et 

al., 2014). The black solid and dashed lines found in all plots represent the generalized additive 

models (GAM) and the 95% confidence interval (GAM CI), respectively, showing the general 

trends in the monitoring lakes.  
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Table 6.1 Local isotopic ranges of δ18O and δ2H for hydrological endmembers as used in 

MacDonald et al., (2021). These endmember ranges were collected from waterisotopes.org; 

Bowen 2019. These endmembers have been included in the isotopic analysis of river samples 

seen in Figure 6.8.  

 

 

Endmember δ18O (‰) δ2H (‰) 

Rain -20.6 to -19.0 -152 to -144 

Snow -35.7 to -27.4 -262 to -203 

Permafrost -21.0 to -18.6 -166 to -154 
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Figure 6.5 Seasonal distribution of stable water isotope (δ18O and δ2H) precipitation values 

across North America using data from 2015 (waterisotopes.org; Bowen 2019). A) and B) display 

the distribution of δ2H and δ18O during January, while C) and D) display the distribution of δ18O 

during August. The values listed in Table 6.1 and used in MacDonald et al., (2021) were 

collected using more regionally focused data collected from (waterisotopes.org; Bowen 2019). 

 

At the start of the monitoring program 3 out of the 14 lakes (chosen to be representative 

of the lakes across OCF) were classified as snowmelt-dominant. This was connected to the high 

percentage of forested vegetation within in those lake catchments that increased snowpack 

retention (MacDonald et al., 2021). Eight lakes were classified as rainfall-dominant and were 

within catchments with higher proportional coverage of tundra vegetation. The tundra vegetation 

resulted in decreasing snowpack retention compared to catchments with forested coverage. The 

remaining 3 lakes were evaporation dominated due to their higher lake area to catchment area 

ratio (Tondu et al., 2013; Turner et al., 2010, 2014). However, by the end of the monitoring 

period all 14 thermokarst lakes classified as rainfall-dominated as established by Turner et al., 

(2014), with the lakes previously classified as rainfall-dominant showing an increasing rainfall-

influenced signature. This transition was demonstrated by trends in stable water isotope values 

that show increasing input from rainfall and possibly permafrost thaw (Figure 6.4; MacDonald 

et al., 2021). In additon to the increased signature of rainfall, and potentially permafrost thaw in 

the monitored thermokarst lakes, MacDonald et al., (2021) indicated that the ratio of lake 

evaporation to input (E/I ratio) decreased over the 13-year monitoring period (Figure 6.4). The 

decrease in E/I ratios across many of the hydrologically variable lakes, demonstrates the reduced 

influence of evaporative water loss from across the OCF landscape. Here we are building upon 

the work of MacDonald et al., (2021) in order to determine if the hydrological and landscape 
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responses of increasing rainfall are influencing the geochemistry and hydrology of the 

downstream fluvial environment.  

 

Generally, hydrological monitoring of remote Arctic landscapes relies heavily upon 

remote-sensing and geospatial methods in order to detect hydrological changes after they occur 

(i.e., Jones et al 2011, Lantz and Turner 2015; Nitze and Grosse 2016; Swanson 2019; Jones et al 

2020; Nitze et al 2020). The implementation of real-time geochemical tracer monitoring provides 

a framework for ground-truthing these remote techniques, and hydrologically identifying the 

effects of permafrost thaw, lake drainage, and climate change across climate sensitive landscapes 

as they happen, and over a long period of time. The remote and sensitive nature of OCF makes it 

crucial to maintain innovative monitoring techniques as typical hydrological monitoring (i.e., 

discharge and stage measurements, water temperature readings, densely populated climate 

stations) is not feasible in this, and other similar remote Arctic environments. The utilization of 

stable water isotopes and other geochemical parameters is crucial to track the ongoing landscape 

changes and associated impacts across OCF, and other remote and sensitive northern ecosystems.  

Here we are building upon the previous research performed in OCF by using an extensive dataset 

of stable water isotope tracers collected along the drainage network. These tracers are utilized to 

capture key insight into runoff generation processes, and the hydrological responses to wetter, 

more connected landscape conditions.  

     6.1.1 Study Site  

The watershed of OCF is deliniated by the elevated headwater ranges that surround the 

low-lying wetland (Figure 6.1). The Brooks Range, and the British and Barn Mountains form 
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the northern drainge divide. The Richardson Mountains are located on the eastern edge forming 

the eastern drainage divide. The Old Crow Range is to the south-west forming that portion of the 

drainage divide (Zazula et al., 2004) (Figure 6.1). Water from the eastern Richardson Moutains 

and the eastern portion of the OCF is drained through the largest tributary that enters Old Crow 

River, the Johnson Creek (Figure 6.1C). Black Fox Creek drains water from the north-northeast 

Barn Mountains, while Schaeffer Creek, Potato Creek, and King Edward Creek drain the Old 

Crow Range on the south-west side of OCF. The northern extent of the Old Crow River, Thomas 

Creek and Timber Creek drain the British Mountians Range within the Yukon border, and the 

Brooks Range on the western side of the Alaska border (Figure 6.1C).   

 

There are 24 river stations that have been annually monitored since 2007 from across this 

river network. The results from 15 or these are included in the analysis for this thesis. These 15 

sites include four stations along the main Old Crow River (OR7, OR6, OR3, and OR1), one 

headwater station in Thomas Creek (TC), one headwater station in Potato Creek (PC), two along 

the Black Fox Creek (BF2 and BF1), two along Schaeffer Creek (SC3 and SC1), two along 

Johnson Creek (JC2 and JC1), one at the base of King Edward Creek (KC), and two Porcupine 

River stations located upstream and downstream of the convergence of the OR into the PR (PR2 

and PR1) (Figure 6.1C). Stations with the higher numbers indicate a more upstream position 

relative to a station with lower value.  For example, OR7 is the furthest upstream station along 

the Old Crow River while OR1 is located the furthest downstream.  

 

As the major tributaries flow from the respective headwater ranges through the OCF 

sediments, they transport dissolved ions and nutrients that are characteristic to the geology of the 
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range, and the Quaternary sediments that they erode. Ice-rich permafrost regions suseptable to 

landscape changes under warmer and wetter conditions have been found to increase overall lake-

river connectivity, the frequency of lake drainage events (Lantz and Turner, 2015), and the 

lateral movement of water within OCF. Additionally, the dominant hydrological mechanism of 

the lakes across the watersheds will directly effect the chemistry of the draining river networks. 

Here we aim to demonstrate the influence that the individual headwater landscapes and 

lithologies have upon the geochemistry downstream. Comparing the general geochemistry of the 

rock types found in the mountain ranges to the geochemistry in the upstream portions of the river 

network will be informative on how downstream processes influence the movement of headwater 

geochemistry.  

 

6.1.1.1 Bedrock Geology 

 
The northern British and Barn Mountains run parallel to the northern Yukon coastline, 

reach a maximum elevation of ~ 1,600 masl, and are divided by a structural depression along the 

Babbage River (Figure 6.6). The OCF for reference are found at an altitude of ~ 260 – 300 

m.a.s.l (Ramsar, 1982; Smith et al, 2004). These northern ranges are composed of Proterozoic to 

Cretaceous well-exposed sedimentary rocks that were folded, faulted and uplifted during the 

Tertiary period (Lane, 1996). The outcropping rocks include sandstones from the Neruokpuk 

Fm. (the brown uPCN unit seen in the top left portion of Figure 6.6), volcanic and volcanic 

clastic rocks, limestones, and argillites (Whale Mountain succession – outside northern extent of 

Figure 6.6), dark grey to black shales, siltstones, sandstones, and carbonaceous sediments 

(Kayak Fm. – pink CKY unit in northern portion of Figure 6.6), as well as Carboniferous lime 

mudstones and wackestone (Lisburne Gp. – widespread purple bedrock), quartz plutons, and 
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other shale, siltstones, conglomerate, and calcareous formations (green IKM and JKH – Mount 

Goodenough and Husky Fm.) (Lane and Cecile, 1989; Lane, 1991; Mortensen and Bell, 1991) 

(Figure 6.6). West of the Alaskan border, the Brooks Range (continuation of the British and 

Barn Mountains) consists of Middle Devonian – Mississippian carbonates, shales, and 

sandstones that were uplifted during the Tertiary (Young, 2004). The elevation across the Brooks 

Range ranges between ~ 800 to 2400 m.a.s.l (Pielou 1994, Gallant et al., 1995). A description of 

the bedrock formations, the minerology, and resultant minerology can be found in Table 6.2.  
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Figure 6.5 Geological map of the OCF and the surrounding mountain ranges that delineate the 

watershed (reproduced from Colpron et al. 2016). The British and Richardson Mountains, as well 

as the Barn and Old Crow Range are labeled, as are the Babbage and Vittrekwa Rivers that form 

structural divides. The legend for this geological map of the OCF and the surrounding mountain 

ranges have been included in Appendix E although a summary chart can be found in Table 6.2.  

 

 

Table 6.2 A general description of the bedrock and surficial geology, the formations, typical 

mineralogy, and inferred ionic content across the OCF and surrounding mountain ranges. The 

location where these units outcrop, and the ages of these units is also included. This information 

was gathered using Figure 6.5, and the accompanying legend found in the Appendix E (Colpron 

et al., 2016). 

 

Lithology 
Code  Location Unit Age Lithology Description  Typical Mineralogy Based on 

Description  
Potential Ion 

Content 

Q Old Crow 
Flats Quaternary  

Unconsolidated glaciolacustrine deposits; 
fluviatile silt, sand, and gravel, partial cover of 

soil and organic deposits  

feldspars (orthoclase (KAlSi3O8), albite 
(NaAlSi3O8), and anorthite (CaAl2Si2O8)), 

quartz (SiO2), illite 
(K0.65Al2.0[Al0.65Si3.35O10](OH)2), kaolinite 

(Al2(Si2O5)(OH)4) - gravel and sand can 
potentially have quartz, quartzite, and chert 

(SiO2) 

 Ca2+, K+, 
Al3+, Si+4, 
OH-, Na+, 
Si+4, O-2 

IKM  

British, 
Barn, and 

Richardson 
Mountains 

Lower 
Cretaceous 

MOUNT GOODENOUGH: shale, siltstone, 
sandstone, interbedded sandstone, siltstone, shale 

and locally conglomerate, with bioturbation, 
lamination, and cross-stratification; upper beds 

are bioturbated dark grey shale, interbedded with 
thin siltstone and silty sandstone 

micas KAl2(AlSi3O10)(OH)2, feldspars 
(orthoclase (KAlSi3O8), albite (NaAlSi3O8), 
and anorthite (CaAl2Si2O8)), quartz (SiO2), 
illite (K0.65Al2.0[Al0.65Si3.35O10](OH)2), 
kaolinite (Al2(Si2O5)(OH)4), carbon (coal), 
conglomerate largely variable (quartz (SiO2) 

Ca2+, K+, 
Al3+, Si+4, 
OH-, Na+, 
Si+4, O-2 

JKH 

British, 
Barn, and 

Richardson 
Mountains 

Jurassic and 
Lower 

Cretaceous 

HUSKY: shale and siltstone, dark grey siltstone, 
and shale, may include Porcupine River and 

Husky fms, and Bug Creek Gp, dark grey shale, 
siltstone, and ironstone 

micas KAl2(AlSi3O10)(OH)2, feldspars 
(orthoclase (KAlSi3O8), albite (NaAlSi3O8), 
and anorthite (CaAl2Si2O8)), quartz (SiO2), 
illite (K0.65Al2.0[Al0.65Si3.35O10](OH)2), 

kaolinite (Al2(Si2O5)(OH)4), ironstone (could 
be Fe2O3 or FeCO3; hematite and siderite)  

Ca2+, CO3-2, 
K+, Al3+, 
Si+4, OH-, 
Na+, Fe+3, 
Fe2+, Si+4, 

O-2 
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JB Richardson 
Mountains Jurassic 

BUG CREEK: shale and shelf sandstone, dark 
grey argillite, slate, and phyllite, commonly 

graphitic, thin-bedded dark grey quartzite, limy 
quartzite (Lower Schist), alternating coarse and 
fine clastic formations include soft, fissile shale, 
siltstone, fine to medium-grained sandstone with 

thin argillaceous interbeds and sandstone with 
low-angle cross bedding and bioturbation 

feldspars (orthoclase (KAlSi3O8), albite 
(NaAlSi3O8), and anorthite (CaAl2Si2O8)), 

quartz (SiO2), illite 
(K0.65Al2.0[Al0.65Si3.35O10](OH)2), kaolinite 

(Al2(Si2O5)(OH)4) - gravel and sand can 
potentially have quartz, quartzite, and chert 

(SiO2), CaCO3 

 Ca2+, K+, 
Al3+, Si+4, 
OH-, Na+, 
Si+4, O-2 

Cl 

Richardson 
and British 
Mountains; 

northern 
extent of 

OCF  

Carboniferous 
LISBURNE: lime mudstone and wackestone, 
mixed skeletal lime packstone and grainstone; 

fine crystalline, sandy to silty dolostone; siltstone 
and shale 

aragonite/calcite (CaCO3), dolomite 
CaMg(CO3)2, micas KAl2(AlSi3O10)(OH)2, 

feldspars (orthoclase (KAlSi3O8), albite 
(NaAlSi3O8), and anorthite (CaAl2Si2O8)), 

quartz (SiO2), illite 
(K0.65Al2.0[Al0.65Si3.35O10](OH)2) , 

kaolinite (Al2(Si2O5)(OH)4),  

Ca2+, CO3-2, 
Mg2+, K+, 
Al3+, Si+4, 
OH-, Na+, 
Si+4, O-2 

CKY British 
Mountains Carboniferous 

KAYAK: grey to black shale and siltstone with 
lesser thin bedded, locally conglomeratic 
sandstone grading upward to dark grey, 

calcareous shale with minor argillaceous, silty 
lime packstone and wackestone (Kayak Fm)  

micas KAl2(AlSi3O10)(OH)2, feldspars 
(orthoclase (KAlSi3O8), albite (NaAlSi3O8), 
and anorthite (CaAl2Si2O8)), quartz (SiO2), 
illite (K0.65Al2.0[Al0.65Si3.35O10] (OH)2), 
kaolinite (Al2(Si2O5)(OH)4), conglomerate 

largely variable (quartz (SiO2), calcite (CaCO3) 

Ca2+, CO3-2, 
Mg2+, K+, 
Al3+, Si+4, 
OH-, Na+, 
Si+4, O-2 

LDO Old Crow 
Range  Late Devonian 

OLD CROW SUITE: granitoid rocks of mostly 
granitic medium to coarsely crystalline 

leucocratic biotite granite, variably altered   

biotite granite (quartz (SiO2), feldspar 
(KAlSi3O8), biotite 

(K(Mg,Fe)3(AlSi3O10)(F,OH)2)) - syenite 
(plagioclase (NaAlSi3O8 – CaAl2Si2O8), micas 

(ex. KAl2(AlSi3O10)(OH)2), horblende 
((Ca,Na) 2-3(Mg,Fe,Al) 5(Al,Si)) 

Ca2+, Mg2+, 
K+, Al3+, 
Si+4, OH-, 
Na+, Fe+3, 
Fe2+, Si+4, 

O-2 

uPk Old Crow 
Range  Neoproterozoic 

KATHERINE: very fine grained, thin to very 
thick bedded, brown, greenish grey and white 
orthoquartzite with recessive intervals of dark 
grey to black shale; rare stromatolite dolostone  

Quartz (SiO2), micas KAl2(AlSi3O10) (OH)2, 
feldspars (orthoclase (KAlSi3O8), albite 

(NaAlSi3O8), and anorthite (CaAl2Si2O8)), 
dolostone (CaMg(CO3)2) 

Ca2+, K+, 
Al3+, Si+4, 
OH-, Na+, 
Si+4, O-2 

 
CO3-2, Mg2+ 

(rare) 
 

The Richardson Mountains located to the east of OCF trend north south and reach a 

maximum elevation of 1,600 m.a.s.l (Smith et al, 2004) (Figure 6.1 and 6.6). The Richardson 

range consists of clastics rocks that were fault trusted upwards during the Cretaceous – Tertiary, 

and are divided by a structural and topographic depression at the head of the Vittrekwa River 

with different geology north and south of this divide (Smith et al, 2004) (Figure 6.6). Only the 

northern portion of the Richardson Mountains influnce the drainage that enters OCF. In this 

northern portion, the mountains consist of erosionally resistent Paleozoic limestones with clastic 
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units outcropping around the central limestone units (Smith et al, 2004). The clastic units consist 

of shales, siltstones, sandstones, conglomerates, and argillite, similar to the British, Barn, and 

Brooks Mountains, as well as ironstones and quartzites (Smith et al, 2014). These formations 

include the Lisburne Fm. (Cl), the Husky Fm. (JKH), the Goodenough Fm. (IKM), the Bug 

Creek Fm. (JB – yellow) (Colpron et al. 2016; Figure 6.6 and Table 6.2)  

 

 The Old Crow Range is the elevated, erosionally resistant range to the southwest of the 

Old Crow Flats, rising ~ 1,000 m.a.s.l prior to gently sloping ~ 700 meters to the Old Crow Flats 

below (Ramsar, 1982; Smith et al, 2004) (Figure 6.1 and 6.6). The Old Crow Range is primarily 

formed from granitic intrusions of the Old Crow Suite (pink LDO unit in Figure 6.5), including 

leucocratic biotite granites. The Old Crow Range also consists of fine grained units of greenish 

grey and white orthoquartzite with outcrops of grey to black shale and rare stromatolitic 

dolostones (grey uPK unit – Katherine Gp.), showing lithological variation from the previously 

mentioned ranges (Table 6.2; Colpron et al., 2016).  

 

OCF are the substantial fluvial wetland network located in the center of these headwater 

mountains ranges, forming the low-lying region (Figure 6.1 and 6.6). The bedrock of the OCF 

consists of carbonates of the Lisburne Gp. (Norris, 1997), however, these carbonates are 

completely covered by thick units of glaciolacustrine sediments (Colpron et al. 2016) in this low-

lying region depicted by the lightly coloured yellow Q units in the geology map (Figure 6.6 and 

Table 6.2). In Figure 6.6, these carbonates can be seen outcropping north of OCF, depicted in 

purple (Cl). A single outcrop of shale (green Husky Fm. – JKH and Goodenough Fm. – IKM) 

can also be found in this northern region at the mouth of the Timber Creek (Figure 6.6).  
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6.1.1.2 Surficial Geology  

 
 Surface geology in the British, Barn, and Richardson Mountains consists of common 

sedimentary rock outcrops (limestones, sandstones, and shales) and has been largely effected by 

mass wasting and weathering, with rock fragments forming a thin venear covering the bedrock 

(Figure 6.7; Smith et al., 2004). The soils in this region are typically acidic (particularily when 

associated with shales), are high in organic matter, and are highly influenced by cryoturbation. 

Soils here are generally clay or silty textured, permafrost influenced, and have active layers ~ 50 

cm in thickness (Smith et al., 2004; Tarnocai et al., 1993; Welch and Smith., 1990; Smith et al., 

1990). A venear of sediments cover the lower-lying slopes of the Old Crow Range bedrock, 

consisting of weathered material from the higher elevated portions of the erosionally resistant 

granitic range. Soils occasionally comprise the surface geology around the Old Crow Range, and 

are influenced by permafrost proccesses with relatively shallow active layers (~ 1 m) (Colpron et 

al., 2016; Smith et al, 2004; Hughes, 1969b). The distribution of the regional surficial geology 

can be seen in Figure 6.7. 
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Figure 6.7 The distribution of surficial geology in the Yukon displaying the colluvial rubble, 

sands, and fines that cover the external mountains ranges, and the glaciolacustrine sediments that 

comprise the OCF (adapted from Fulton, 1995).  

 

The landscape of the OCF is heavily influenced by permafrost as there is ~ 60 meters of 

continuous permafrost-filled sediments in this central region (Smith and Burgess, 2002). The 

geology and hydrology of the OCF was influenced by the advancement of the Laurentide Ice 

Sheet (LIS) during the Late Quaternary. The LIS did not cover the flats; however, it periodically 

blocked the eastward drainage of the Old Crow – Porcupine River system eastward through the 



 162 

McDougall Pass of the Richardson Mountains (Hughes, 1972; Zazula et al., 2004; Smith et al, 

2004) (Figure 6.8). This resulted in the formation of the ~ 13,000 km2 Glacial Lake Old Crow, 

and the deposition of thick glaciolacustrine sediments (silts, sands, and gravels) that overlie the 

Lisburne Group carbonates (Figure 6.6, 6.7, and 6.8). Glacial Lake Old Crow covered the 

region between ~ 20,000 - 15,000 yBP (Zazula and Froese, 2013), prior to a massive erosional 

lake drainage event at the Upper Ramparts that created the modern westward flow of the 

Porcupine River (Roy-Léveillée and Burn 2011; Zazula et al., 2004). These thick and non-

hydraulically conductive clay units limit the connectivity between surface water and sub-

permafrost groundwater (Turner et al., 2013, 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 Reconstruction of the maximum extent of Glacial Lake Old Crow. Also displayed in 

this model are the locations of the McDougall Pass, and the Upper Ramparts which were 

influential in the formation, and drainage of the lake (reproduced from Zazula, 2004).  
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6.1.1.3 General geochemistry and minerology of OCF and the mountains ranges  

 
Each of the lithologies listed in Table 6.2 results in geochemical variation based on the 

types of bedrock found in the headwater forming mountain ranges. This results in different ions 

preferentially weathering/leaching into the tributary streams, creating geochemical signatures in 

the upstream portions of the river network. For example, the clastic, carbonate, and granitic rocks 

in the British and Barn mountains (Kayak Fm. – CKY, Lisburne Gp – Cl, Mount Goodenough 

Fm – IKM, and Husky Fm. – JKH; Figure 6.6) would contribute Ca2+, CO3-2, Mg2+, K+, Al3+, 

Si4+, OH-, Na+, O-2, Fe+3, and Fe2+ (Table 6.2). The northern portion of the Richardson 

Mountains (Lisburne Fm. – Cl, Husky Fm. – JKH, Goodenough Fm. – IKM, and the Bug Creek 

Fm. – JB; Figure 6.6) would have similar minerology and ionic components to the British and 

Barn Mountains due to the overlapping geology, with the additional Bug Creek Fm. also having 

similar contributing ions (i.e., Ca2+, CO3-2, Mg2+, K+, Al3+, Si4+, OH-, Na+, Fe+3, Fe2+, and O-2) 

(Table 6.2). The granitic, shale, and rare dolomitic rocks of the Old Crow Range (Old Crow 

Suite – LDO, and the Katherine Gp. – uPK; Figure 6.6) would rarely contribute Ca2+, CO3-2, 

Mg2+ ions, with a more predominant signature of K+, Al3+, Si4+, OH-, Na+, Fe+3, Fe2+, and O-. 

This is similar to the other ranges, however, would likely have a higher signature of silica due to 

the dominant granitic lithology compared to the more clastic and carbonate lithology of the other 

ranges (Table 6.2). The thick units of Quaternary sediments (Q) of the central OCF, in addition 

to the single outcrop of shale, siltstones, sandstones, and conglomerates (Mount Goodenough 

and Husky Fms. – IKM and JKH; Figure 6.6) would contribute ionic components of Ca2+, K+, 

Al3+, Si+4, OH-, Na+, Si+4, O-2, with minor components of CO3-2, Mg2, Fe+3, and Fe2+ from the 

single outcrop (Figure 6.6 and Table 6.2). As the tributaries converge from the headwater 

ranges through the OCF, the preferentially incorporation of ions downstream would alter the 
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initial geochemistry displayed in the upstream sampling stations. This is an important factor to 

trace across the OCF network as a wetter landscape increased terrestrial-aquatic connectivity.  

 
6.1.1.4 Land cover of OCF 

 
The landscape of OCF and its external sub-watersheds have unique characteristics 

including vegetation coverage, relative lake coverage and connectivity, and geology, that 

contribute to the variation in hydrology and water chemistry downstream. Turner et al., 2014 

calculated that the land coverage of the OCF consists of woodlands (13%), tall shrubs (25%), 

dwarf shrubs (37%), sparse vegetation (2%), and surface water (23%) (Figure 6.9). The relative 

percentage of the land cover types, in addition to the lake area to catchment area ratio, contribute 

to the dominant hydrological proccess for these thermokarst lakes and therefore the tributaries 

that drain them (Tondu et al., 2013). The dense distribution of the thermokarst basins that cover 

OCF are elevated above the deeply incised tributary network that drains the wetland prior to 

entering the Porcupine River (Zazula et al., 2013; Zazula and Froese, 2013; Smith et al, 2004; 

Zazula et al., 2004; McDonald et al., 2021) 
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Figure 6.9 Land converge of the OCF and surrounding watershed including the distribution of 

woodlands, tall shrubs, dwarf shrubs, sparse vegetation, and surface water (reproduced from 

Turner, 2014).  

 

6.2 Methods 

 Samples were collected from the network of 14 lakes and 24 river and creek stations 

between 2007 – 2019 to determine isotopic signatures (δ18O and δ2H) across the drainage 

system. These samples were collected biannually during the Spring (June) and Fall (August- 

September) in order to capture early and late ice free conditions. Here we analyise the stable 

water isotope and geochemistry dataset collected from 15 of the total 24 river stations, with the 

list of sampling sites previously listed, and displayed in Figure 6.1. Due to the remote and 
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expansive nature of the OCF reseach network, little hydrological data (i.e., discharge, river 

depth, water temperature, etc.) has been recorded. The dataset of stable water isotopes and other 

geochemical parameters are therefore used as a subsitute for this inaccessible monitoring data.   

 

Four litres of river water was sampled at a depth of ~ 10 – 15 cm from each of the 

relatively shallow streams into 30 ml high-density polyethylene bottles and stored until 

processed for analysis. OCF water samples collected between 2007 – 2012 were pre-filtered at 

0.45 μm and sent to the University of Waterloo – Environmental Isotope Laboratory (UW-EIL) 

to undergo conventional continuous flow isotope ratio mass spectrometry (CF-IRMS). All 

samples collected post-2012 were pre-filtered at 0.45 μm into 2-mL vials and analysed via laser 

absorption using the Los Gatos Research Triple Liquid Water Isotope Analyzer at UW-EIL 

(2013-2014) and a Picarro Water Isotope Analyzer at the Biogeochemical Analytical Service 

Laboratory (BASL) at the University of Alberta (2015-2019). Both analytical procedures and 

laboratories were used during the 2016 sampling trip to ensure consistency of results regardless 

of method. Results from isotopic analysis are expressed as δ-values that represent the deviation 

(per mil ‰) from the Vienna Standard Mean Ocean Water (VSMOW) such that: 

 

Equation 6.2:  

o δsample = ((Rsample / RVSMOW) – 1) x 103 

 

• where R is the 18O/16O or 2H/1H ratio in sample and VSMOW 
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Results from the isotope samples collected in OCF have been adjusted for Standard Light 

Antarctic Precipitation (Coplen 1996) resulting in the composition being normalized to -55.5‰ 

(δ18O) and -428‰ (δ2H). Uncertainties in δ18O and δ2H ratios are expressed as standard 

deviations for both CF-IRMS and laser absorption methods (±0.2‰ for δ18O and ±2.0‰ for δ2H 

and ±0.1‰ for δ18O and ±0.3‰ for δ2H respectively). 

 

In conjunction with the isotope sampling program, river samples were also collected and 

analyzed for their water chemistry from 2007 – 2009, and from 2015 – 2019 twice each year to 

capture early and late ice-free conditions. The samples were pre-filtered using a 200-µm mesh to 

remove any large pieces of debris, were not acidified, and were stored in HDPE bottles away 

from sunlight and at 4 °C prior to analysis. Additional filtering was performed on the samples 

undergoing analysis for dissolved concentrations (i.e., DOC, DIC, and TDP) using a 0.45-µm 

glass filter. Specific conductivity and pH values were recorded using a YSI Professional Plus 

multiparameter probe on site between 2015 – 2019, measuring the ionic content and acidity of 

the river water.  Analysis was performed by Environment Canada’s National Laboratory for 

Environmental Testing (NLET) in Burlington, Ontario from 2007-2009 (Balasubramaniam et al. 

2017) and at the Biogeochemical Analytical Service Laboratory (BASL) from 2015-2019 

following standard methods (BASL, 2020). The river water samples were analyzed for their: 

 

• Nutrient content (total nitrogen – TN, total phosphorus – TP, total dissolved phosphorus 

– TDP, nitrite + nitrate – NO3 + NO2) using Flow Injection Analysis (Lachat QuikChem 

8500 FIA automated ion analyzer) and TOC analyzer (Shimadzu 5000A TOC analyzer 

and TOC-V CPH with TMN unit) methods  
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• Carbon content (dissolved organic carbon – DOC, and dissolved inorganic carbon – DIC) 

using TOC analyzer (Shimadzu 5000A TOC analyzer and TOC-V CPH with TMN unit) 

methods 

 

• Silicate content (SiO2) using Flow Injection Analysis (Lachat QuikChem 8500 FIA 

automated ion analyzer) methods 

 

• Major cations and anion content (Cl-, SO42-, Na+, K+, Ca2+, Mg2+) using a 

Chromatography (Dionex DX600 and Dionex ICS 2500) and Inductively Coupled 

Plasma - Optical Emission Spectrometer (Thermo Scientific ICAP6300) methods 

 

Analysis of the river and creek water chemistry was done using multivariate principal 

component analysis (PCA), performed by Mitch Kay (Kay et al., in progress). The PCA was 

created using the factoextra package (Kassambra and Mundt 2020) in R (Version 3.5.2, 2020) 

and required using a Log10 transfer function on all variables (15 total) excluding pH and DOC to 

improve normalcy and equalize variances. This was utilized to identify the relative importance of 

the various source waters, the lithology of the headwater sites, and degree of connectivity 

between the lake water output and the river network in OCF, as well as how these processes 

changed over the duration of the sampling campaign. The extensive dataset of river stable water 

isotope values was compared to local isotopic endmembers (i.e., rainfall, snowmelt, lake water, 

thawed permafrost; Table 6.2) collected from a public database (Bowen, 2019; 

waterisotopes.org), Bandara et al (2020), MacDonald et al., (2021), and the GMWL and LEL 

(Tondu et al., 2013; Turner et al., 2009), allowing the relative influence of input source waters to 

be tracked. This also displayed the changing degree of connectivity between the lakes and the 

incised river network downstream over time under the pronounced climate and landscape 

changes. 
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6.3 Results  

The seasonal and spatial variation of stable water isotope values in a δ18O - δ2H plot 

relative to the GMWL, LEL, and isotopic endmembers (Figure 6.10) provide insight of spatial 

patterns of runoff generation processes and lake-river connectivity including the relative 

contributions of seasonal rainfall, snowmelt, permafrost thaw, and drained lake water. Temporal 

trends have been plotted for both the upstream and downstream stations of the major tributaries 

that enter the Old Crow River (OR), as well as upstream and downstream stations along the main 

branch of the OR. Downstream trends in the OR indicate how the input of the tributaries affect 

the distribution of stable water isotope ratios as water moves throughout the OCF watershed 

(Figures 6.1C & 6.11).  

 

 

 

 

 

 

 

 

 

Figure 6.10 The isotope framework from Tondu et al. (2013) including the GMWL (δ2H = 8 

δ18O + 10; Craig 1961), the LEL (δ2H = 4.7 δ18O – 71.2; Tondu et al 2013) and mean annual 

precipitation (δp). Isotopic endmember composition ranges for rain (blue), snow (yellow) 

(waterisotopes.org; Bowen 2019) and permafrost (red; Bandura et al 2020) are also displayed.  
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Figure 6.11 Stable water isotope plots from 8 OCF river stations displaying the variability of 

δ18O and δ2H values from upstream to downstream and temporally throughout the OCF 

watershed. The purple to red datapoints represent upstream samples taken over time, while the 

monochromatic green datapoints represent downstream samples. Samples collected during the 

early ice-free season is shown in column A) while late season samples are in B). These data 

points have been superimposed over the isotope framework of Tondu et al. (2013). The GMWL 

(δ2H = 8 δ18O + 10; Craig 1961) and LEL (δ2H = 4.7 δ18O – 71.2; Tondu et al 2013) lines 

represent the Global Meteoric Water Line and the Local Evaporation Line. The LEL deviates 

from the GMWL at the mean annual composition of precipitation (δp; see Figure 6.8) with the 

LEL showing how evaporative processes alters isotopic composition.  

 

 River samples that plot close to the GMWL indicate a high component of precipitation 

(Figure 6.10; Bowen, 2019). Plotting more negatively (lower) on the GMWL indicates a higher 

component of snow-derived runoff within a stream relative to more enriched isotopic values 

which indicate a higher degree of rainwater intrusion (Figure 6.10; Bowen, 2019). Isotopic 

values that plot on, or closer to the LEL signify evaporative processes that occur in thermokarst 

lakes, and therefore, indicate lake water intrusion into the river network (Tondu et al., 2013). 

Figure 6.10 displays the proximity of the isotopic composition of permafrost thaw to the LEL. 

Values that plot close to the LEL may also be incorporating runoff from permafrost thaw as well 

as lake water intrusion.  

6.3.1 Isotope Hydrology of Old Crow River Headwaters 

 Water samples were collected for analysis of δ18O and δ2H at six upstream tributaries 

stations across OCF to evaluate headwater hydrology. Sites included Thomas Creek (TC), Potato 

Creek (PC), Black Fox Creek (BF2), Schaeffer Creek (SC3), Johnson Creek (JC2), as well as 

within the Old Crow River (OR6) between 2007 and 2019. These sites, excluding Thomas and 
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Potato Creek, have been plotted in relation to the GMWL and the LEL to show the changing 

influence of rainwater, snowfall, permafrost thaw, and lake water input (Figure 6.11). Thomas 

and Potato Creek were excluded from this analysis as there was only one sampling station along 

the tributary. The lack of downstream data from these sampling sites results in the inability to 

display isotopic trends as the streams flow through OCF.  

 

Generally, early season isotope values from the upstream sampling stations (column A; 

purple – red gradient) tended to have a relatively lighter isotopic composition and plotted close 

to the GMWL. This indicates that a high component of precipitation, particularly snowmelt, has 

been introduced into the headwater river stations (Figure 6.11). This trend is most apparent in 

Black Fox, Johnson, and Schaeffer Creeks. The relatively high input of snowfall in the outer 

extents of the sub-catchments is likely linked to a change in elevation and the subsequent altitude 

effect (Dansgaard, 1964) in the source water mountain ranges, variation in vegetation coverage, 

and the lack of other source waters entering the system upstream. The increase signature of 

isotopically depleted precipitation (snowfall) with increasing altitude is a result of how airmasses 

cool with higher elevation, accompanied by the rainout of isotopically heavier excess moisture as 

the airmass rises (Ambach et al., 1968; Gonfiantini et al., 2001). The presence of larger (shrub 

and spruce) vegetation coverage (Figure 6.9), can increase the retention rate of snow that falls 

prior to a melting event, resulting in a higher component of this snowpack entering the river 

network during the early ice-free season.  

 

A seasonal transition up the GMWL from lighter to heavier values records the greater 

influence of annual snowmelt events in the early season, and the influx of more rain dominant 
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precipitation events as temperatures warm, and the winter snowpack is depleted (Figure 6.11). 

The proximity of the river water composition to the GMWL is indicative of relatively little lake 

water and evaporative influence within upstream samples. This trend is evident in Black Fox 

Creek (BF), recently in Johnson Creek (JC), and in Schaeffer Creek (SC). Johnson Creek 

initially displayed a signature of isotopically heavier, more evaporation-influenced lake water in 

the late season (column B), plotting closer to the LEL earlier on in the sampling campaign 

(2007-2009). In the more recent years the upstream JC samples plotted closer to the GMWL, 

starting off more snow-influenced (isotopically lighter - lighter purple data points), prior to 

transitioning towards a heavier, rain influenced composition (red data points; Figure 6.11). The 

upstream Old Crow River (OR6) data tended show more influence of evaporation-influenced 

lake water and permafrost thaw, plotting closer to the LEL then the other upstream tributaries. 

The Old Crow River did still display the transition towards a heavier composition in the later 

season, as these points plotted higher up Figure 6.10 during the same sampling year.  

 

 In all streams, isotope samples taken upstream display a temporal trend towards a heavier 

isotopic composition over time, moving up the isotope plot over the sampling timeline (purple to 

red). Black Fox Creek, Johnson Creek, and Schaeffer Creek tended to become isotopically 

enriched along the GMWL indicating changes in local climate, where precipitation is becoming 

increasingly rainfall dominant, while the Old Crow River plotted closer to the LEL showing an 

increased component of lake-river connectivity and potentially permafrost thaw entering the 

main river through the OCF, while also showing an increased input of rainfall runoff as these 

samples plotted above the LEL.  
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6.3.2 Isotope hydrology of the downstream segments in OCF 

River water samples were collected for stable water isotope (δ18O and δ2H) analysis in 

five downstream tributaries sampling stations across OCF to evaluate how downstream processes 

cause isotopic variation. These sites included Black Fox Creek (BF1), Schaeffer Creek (SC1), 

Johnson Creek (JC1), King Edward Creek (KC), and the Old Crow River network (OR1). All 

stations excluding King Edward Creek were plotted in Figure 6.11 (light to dark green gradient) 

alongside the upstream samples (purple to red gradient) and were superimposed on the GMWL 

and the LEL. King Edward Creek was not plotted in Figure 6.11 as there is no upstream 

sampling station including in the OCF network.  

 

Downstream water samples generally displayed a heavier, more rainfall-influenced 

isotopic composition, meaning they plotted more positively (higher) than upstream samples. The 

downstream samples in Johnson and Schaeffer Creeks also plotted closer in proximity to the 

LEL (Schaeffer Creek more so than Johnson Creek) in comparison to their upstream samples that 

were generally located closer to the GMWL (Figure 6.11). The downstream sampling station in 

Black Fox Creek was only sampled between 2015-2018. Samples taken from BF1 in the early 

season also plotted close to the LEL but tended to plot more central between the GMWL and the 

LEL in the later sampling seasons over time. Samples collected downstream in the Old Crow 

River had a similar isotopic signature to samples taken upstream, displaying a relatively higher 

influence of lake-river connectivity (plotting close to the LEL) then the outer tributaries, but 

were slightly more rainfall influenced downstream, plotting higher along the GMWL-LEL. 

These trends indicate the increased input of evaporation-influenced lake water, rainwater runoff, 

and permafrost thaw as the Old Crow River network flows through the OCF and away from the 
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headwater mountain ranges. The increased signature of lake water downstream and over time 

indicates that as the tributaries move through the various sub-catchments of OCF, they are 

incorporating water from the perched lakes that are increasingly becoming connected to the 

incised network situated below, as temperatures rise, rainfall increases, and permafrost thaws.  

 

 Seasonal variation of stable water isotope values from the downstream river water 

samples (light to dark green) follows similar trends to those seen in upstream samples, with the 

early season samples (column A; May – June) displaying a higher influence of snowmelt runoff 

into the river network when compared to the more rain-dominant precipitation composition 

found in the later season (Figure 6.11). This trend is evident across all tributaries and rivers as 

the early season downstream samples consistently plot lower along the GMWL and LEL relative 

to the later season samples 

 

 In Johnson Creek, Schaeffer Creek, and the Old Crow River there is a general temporal 

shift towards heavier stable water isotope values over the sampling timeline, similar to the trends 

seen in the upstream samples. This is indicated by the light to dark green gradient, where the 

lighter green datapoints plot lower in Figure 6.11, while the darker green (more recent samples) 

plot isotopically heavier. This is indicative of meteorological and hydrological changes across 

OCF including a transition towards more rain dominant precipitation, increasing permafrost 

thaw, and lake-river connectivity in recent years. Over the years, upstream samples seemed to 

have undergone a stronger isotopic shift in composition towards a rainfall dominated signature 

then downstream samples have, although this could be the result of these upstream samples 

initially having a higher snowmelt signature, and therefore having a wider range in trajectory. 
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The downstream samples initially had a higher rainfall influence, therefore showing less 

movement along the GMWL over time, although the increased influence of rainfall is still 

displayed (Figure 6.11). Variation in how the various sub-catchments are influenced by rainfall-

driven runoff can also be seen, as the isotopic trajectory of Johnson Creek samples tended to 

display an increase in rainfall, while Schaeffer Creek samples tended to be more influenced by 

lake-river connectivity, plotting closer to the LEL (Figure 6.11).  

6.3.3 Principal Component Analysis on Ion and Nutrient Chemistry  

Principal components analysis (PCA) was performed by Mitch Kay (Kay et al., in 

progress) on river water sampled between 2007 – 2009 and 2015 – 2018 to determine the 

direction and magnitude of the primary drivers of the ion and nutrient geochemistry within the 

OCF network of major tributaries over time (Figure 6.12). In addition to Black Fox Creek, 

Johnson Creek, Schaeffer Creek, and the Old Crow River stations that are shown on Figure 6.11, 

Thomas Creek, Potato Creek, King Edward Creek, and the Porcupine River was included in this 

PCA analysis. Within the PCA, the movement of geochemical signatures downstream in the Old 

Crow River (OR) is mapped with the intersecting tributaries included as dashed lines connected 

to the nearest downstream sampling location. For example, Thomas Creek intersects the Old 

Crow River between OR7 and OR6 and is therefore attached to OR6 in the PCA. Upstream to 

downstream movement in PCA space were plotted for the early and late season for the 2007 – 

2009, and 2015 – 2018 sampling expeditions (Figure 6.12).  
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Figure 6.12 Principal Component Analysis performed on the river water chemistry data 

collected between 2007 – 2009 and 2015 – 2018. A) Indicates the parameter vectors that drive 

the variation along axis 1 and 2 while B-L) display the movement along the river network driven 

by the parameters shown in A) (adapted from Kay et al., in preparation). The sampling stations 

down the Old Crow River are coloured in blues and connected with a solid line, while the 
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tributaries that join the Old Crow River are attached with a dashed line. Sampling station in the 

upstream portion of the Old Crow River are coloured yellow, transitioning to green, and then 

blue green in the downstream segments of the Old Crow River. Parameters incorporated in the 

PCA analysis include pH, alkalinity (CO32- and HCO3-), calcium (Ca2+), magnesium (Mg2+), 

dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), sulfate (SO4-), chloride (Cl-), 

sodium (Na+), nitrate + nitrite (NO3- + NO2-), potassium (K+), total phosphorus (TP), total 

dissolved phosphorus (TDP), total nitrogen (TN). All parameters excluding DOC and pH were 

Log10 transformed to standardize data.  

 

Sampling stations along the Old Crow River are displayed by increasingly darker blue 

dots. Tributaries that join the Old Crow River farther upstream (i.e., Thomas Creek and Potato 

Creek; Figure 6.1C) are displayed as yellow dots (Figure 6.12). Black Fox Creek is the next 

tributary to join the Old Crow River and is coloured a light green (Figure 6.1C and 6.12). Since 

only the downstream Black Fox Creek station (BF2) was included in this analysis (BF1 only 

sampled recently), the data point does not connect with the Old Crow River line segment, 

although it joins to Old Crow River between OR6 and OR3 (Figure 6.1C and 6.12). Johnson 

Creek joins the Old Crow River next with the upstream site (JC2) displayed by a greenish-blue 

dot, getting darker as it travels downstream to JC1, as does Schaeffer Creek (Figure 6.1C and 

6.12). The final tributary to join the Old Crow River is the downstream sampling station of King 

Edward Creek (KC1) indicated by a darker greenish-blue point. The stations along the Porcupine 

River (PR2 and PR1), upstream and downstream of where the Old Crow River joins is depicted 

in dark purples (Figure 6.1C and 6.12).  

 

Axis 1 is responsible for ~ 42.7% of the variability (Kay et al., in progress) with DOC 

and various nutrients (TN and TDP) correlating to one another on the positive end of the axis. 

This means that when one parameter increases, the others tend to increase as well. The negative 
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portion of the PCA correlates pH, alkalinity, Ca2+, Mg2+, and DIC to one another, indicating a 

linkage between these parameters. When parameters associated with the positive end of an axis 

increase, those on the negative end tend to decrease, and vice versa. River water associated with 

DOC, TN, and TDP indicate a high content of organics, likely sourced from nutrient-rich 

thermokarst lake water that is increasingly entering the river network (Figure 6.11). River water 

associated with pH, Ca2+, Mg2+, alkalinity (CO32- and HCO3-), and DIC reflect a signature highly 

influenced by fluvial erosion and dissolution of local carbonate geology and geochemistry (i.e., 

limestones and dolostones; Table 6.2). Axis 2 accounted for ~ 18.7% of the variability 

combining for ~ 61.4% of total variability in river water geochemistry (Kay et al., in progress). 

Axis 2 was positively associated with K+, Na+, Cl- and TP indicating a generally high ion content 

incorporated in the stream through fluvial erosion and ion dissolution of the OCF sediments. 

Axis 2 is negatively associated with SiO2 representative of a silica and quartz rich ion chemistry, 

as is found in the Old Crow Range. 

 

6.3.3.1 Headwater Ion and Nutrient Chemistry  

 
Variability in river and creek headwater chemistry within the PCA plot follows trends 

associated with the geology of the various headwater mountains ranges within the OCF drainage 

network. The headwater of the Old Crow River (OR7) and Thomas Creek (TC) drain the 

carbonate and clastic dominant Brooks Range and British Mountains and therefore are likely to 

incorporate ionic components of carbonate (Ca2+, CO3-2, Mg2+, high alkalinity, DIC) and clastic 

(K+, Si4+, Na+, O-2) rocks (Table 6.2). The Old Crow River (OR7) and Thomas Creek (TC) 

sampling stations are consistently clustered together in the lower left portion of the PCA plot 
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associated with high alkalinity, calcium, DIC, and silica content, displaying the influence of the 

carbonate and clastic lithology.  

 

Potato Creek (PC), King Edward Creek (KC), and Schaeffer Creek (SC3) drain the south-

western Old Crow Range that is primarily composed of granitic and clastic rocks (biotite-rich 

granites, orthoquartzites, and shales) containing ionic components of Si4+, O-, K+, Si4+, Na+. 

These sites plot in the lower right and indicate the ranges high granitic (silica) composition, the 

low carbonate signature (low on axis 2), and a high nutrient content (TP, TN, DOC, TDP) by 

plotting high on axis 1 (Figure 6.12). It is important to note that there were no upstream samples 

collected from King Edward Creek, therefore this sampling station is likely to be more 

influenced by lake-river connectivity (nutrient loading) and sediment erosional processes 

compared to the upstream sampling locations (PC and SC3).  

 

Black Fox Creek (BF) drains the north-northeast Barn Mountains which have a similar 

geology to the British Mountains that are drained by the Old Crow River and Thomas Creek. 

Therefore, these carbonate and clastic formations result in the headwater chemistry of the BF2 

station resembling that of OR7 and TC, clustering together in the bottom left of the PCA, 

associated with high alkalinity, calcium, DIC, and silica content (Figure 6.12). The Richardson 

Mountains are drained by Johnson Creek which initially plotted in the upper right prior to 

transitioning to the upper central area after 2016 (Figure 6.12). This initially indicates a nutrient 

rich (high on axis 1 – TP, TN, TDP, DOC) geochemical signature with an average ion content 

(not silica or carbonate dominant). This is representative of the organic rich soils, the dense 

distribution of thermokarst lakes in this portion of OCF (Figure 6.9), as well as the mixed 
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geology of the clastic and carbonate dominant Richardson Mountains. The transition left in PCA 

space is a result of an increase in carbonate ion dissolution and erosion (increased alkalinity, 

DIC, and Ca2+) in Black Fox Creek over time (Figure 6.12). The consistent grouping of various 

headwater stations correlates well between tributaries with similar headwater geology and 

geochemistry derived from the rock formations and soils in the surrounding mountains ranges.   

 

6.3.3.2 The Downstream Movement of Ion and Nutrient Chemistry in the 

Tributaries of the Old Crow River  

 
The downstream movement of river water from the headwater ranges, through the 

Quaternary sediments of OCF effects the ion and nutrient signature. This is due to the influence 

of nutrient-rich lake water, fluvial erosional and dissolution of sediments and ions, and varying 

landscape characteristics. Thomas Creek, Potato Creek, and Black Fox Creek only include 

upstream samples in the PCA analysis, so the downstream influence in these individual 

tributaries is not displayed. Although downstream trends are not discernable, the effects on the 

overall chemistry of the Old Crow River were explored.  

 

The headwaters of Johnson Creek (JC2) initially plotted central-right in Figure 6.12, 

driven by the high nutrient content and average ion chemistry in the Richardson Mountains. 

However, in the more recent sampling years JC2 has plotted in the upper-central region 

indicating less lake water influence relative to higher contributions of ion erosion in the upstream 

section (Figure 6.12). Downstream movement in the early sampling years results in the slight 

movement up axis 2, indicating elevated concentrations of chloride, potassium, and sodium ions 

as Johnson Creek flows through OCF.  Recently, JC1 has plotted higher on axis 1 than the recent 
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JC2 samples, while fluctuating either up or down on axis 2, representing the larger input of lake-

derived nutrients and varying input of ions downstream (Figure 6.12). Overall, the flow 

downstream in Johnson Creek typically displays an increase in ion dissolution (sodium, chloride, 

potassium), while recently showing a consistent increase in the influence of lake-derived 

nutrients and organics downstream (Figure 6.12).  

 

Schaeffer Creek (SC) typically shows the largest variation between upstream and 

downstream tributary samples on the PCA plot. The upstream chemistry (SC3) plots in the 

lower-right quadrant, representative of the high nutrient and granitic based chemistry of the Old 

Crow Range (Table 6.2). Downstream movement from SC3 to SC1 shows a large consistent 

transition up axis 2 driven by an increase in ion dissolution of the OCF sediments (Cl-, Na+, K+), 

with relatively slight fluctuations up or down axis 1 indicating variation in the contribution of 

nutrient rich waters from thermokarst lake intrusion (DOC, TN, TP, TDP) relative to the erosion 

and dissolution of carbonate dominant sediments (Ca2+, CO32- + HCO3-, Mg2+, DIC).  

 

One King Edward Creek sampling location located between OR3 and OR1, was included 

in the PCA. (Figure 6.1C and Figure 6.12).  King Edward Creek plots the highest on axis 1, and 

central to low on axis 2, representing a nutrient (TN, DOC, TP, TDP) and silica (SiO2) rich 

composition like the other sites that drain the Old Crow Range (SC3 and PC; Table 6.2). King 

Edward Creek plots higher than Potato Creek and Schaeffer Creek (SC3) along axis 2 because it 

is more influenced by downstream processes (nutrient intrusion – TP, ion dissolution, and 

sediment erosion) while the upstream sampling sites (PC and SC3) are not.  

 



 183 

In summary, the carbonate composition of the Brooks Range, Barn and British Mountains 

results in the PCA placement low on axis 1. The granitic composition of the Old Crow Range 

results in a PCA placement low on axis 2. The mixed carbonate and clastic composition of the 

Richardson Mountain results in a more central placement one axis 1 and 2. The intrusion of 

nutrient influenced lake water and soils cause the geochemistry to plot high on axis 1, while the 

fluvial erosion and dissolution that occurs in the Old Crow River, and the various tributaries 

through the OCF, causes a transition up axis 2. 

 

6.3.3.3 The Influence of the Converging Tributaries on the Ion and Nutrient 

Chemistry Downstream in the Old Crow River  

 
The furthest upstream sampling station in the OCF sampling network is located along the 

Old Crow River at OR7 (Figure 6.1C) where the chemistry is indicative of the carbonate and 

clastic minerology of the Brooks Range (high in Ca2+, CO32- + HCO3-, Mg2+, DIC and SiO2) 

(Figure 6.12). The up-right movement from OR7 to OR6 is often the largest within the Old 

Crow River PCA. The large transition indicates a significant input of ions (K+, Na+) 

and nutrients (TP, TN, TDP, DOC) downstream between OR7 and OR6, representing fluvial 

sediment erosion of the OCF and lake-river connectivity (Figure 6.1C & 6.12). Thomas Creek is 

the first tributary to drain into the Old Crow River (between OR7-OR6 – Figure 6.1C) and 

displays a similar PCA grouping to OR7. However, Thomas Creek typically plots lower on axis 

1 and higher on axis 2 then the OR7 samples representing the higher carbonate ion content in this 

tributary. The PCA indicates that Thomas Creek has a relatively minor influence on the water 

chemistry of the Old Crow River, as OR6 moves farther up-right in PCA space, away from 

where Thomas Creek plots (up-left) after the tributary joins the Old Crow River (Figure 6.12). 
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The up-right movement represents the higher relative influence of nutrient-rich lake water 

through this portion of the catchment, relative to the carbonate dominant chemistry from Thomas 

Creek. 

 

  Potato Creek also joins the Old Crow River upstream of OR6 (Figure 6.1C). Potato 

Creek has a high nutrient (DOC, TP, TN, TDP) and silica- (SiO2) dominant chemistry (lower-

right quadrant) derived from the dense coverage of thermokarst lakes and the granitic Old Crow 

Range. The significant movement between OR7 and OR6 seems to partially be the result of 

nutrient-rich, lake-influenced waters (high concentration of TP, TN, DOC, TDP) from the Potato 

Creek converging upstream of OR6, as Potato Creek plots very high on axis 1 (Figure 6.12). As 

neither Thomas Creek or Potato Creek plot very high along axis 2, the considerable transition up 

the PCA grid between OR7 and OR6 is indicative of fluvial erosion within the incised Old Crow 

River that introduces large concentrations of K+ (derived from shales, feldspars, and clays), as 

well as the continued significant influx of nutrient-rich lake water through this portion of the 

OCF. Over time OR6 has been receiving an increased influx of other ions, potentially more 

carbonate (Ca2+, CO32- + HCO3-, Mg2+, DIC) based minerals from Thomas Creek, plotting 

farther left on axis 1 (Figure 6.12).  

 

Black Fox Creek intersects the Old Crow River between the OR6 and OR3 sampling 

stations (Figure 6.1C), and plots in the bottom-left quadrant of the PCA grid (Figure 6.12) due 

to a lack of nutrient input, and a high component of quartz (SiO2), and carbonate-based minerals 

(CaCO3 and CaMg(CO3)2) that are found within the headwaters of the Richardson and British 

Mountains (Table 6.2; Figure 6.6). This results in Black Fox Creek plotting near the Thomas 
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Creek station. Black Fox Creek does not flow through an area of highly clustered lakes and 

therefore would not have a very high nutrient component (Figure 6.9). Between OR6 and OR3, 

the PCA plot shows movement up axis 2, and either slightly up or down axis 1. This indicates 

subtle changes in geochemistry at this station over time as the relative influence of lake 

connectivity (TN, TP, DOC, TDP) and carbonate ion (Ca2+, Mg2+, CO32-) erosion fluctuates. 

Black Fox Creek seems to occasionally influence the geochemistry of the Old Crow River, 

demonstrated by a leftward movement in PCA space between OR6 and OR3 during the early 

season sampling for 2007, 2008, and 2009, and during the late season 2017 (Figure 6.12). This 

movement displays the intrusion of river water rich in carbonate (Ca2+, CO32- + HCO3-, Mg2+, 

DIC) derived from the Black Fox Creek watershed into the Old Crow River, although the overall 

effect of the tributary fluctuates (likely caused by changes in discharge which there are no 

measurements for but would have the highest discharge during the spring snowmelt).  

 

Johnson, Schaeffer, and King Edward Creeks all join the Old Crow River downstream of 

OR3 and upstream of OR1 stations (Figure 6.1C). The movement on the PCA between these 

Old Crow River sampling stations (Figure 6.12) is influenced by all three tributaries. Johnson 

Creek is the largest tributary and drains the eastern Richardson Mountains prior to flowing 

through a crucial region of OCF affected by shoreline slumping and significant lake outflow 

(Turner et al., personal communication, February 2021; Turner et al., 2014). Generally, the 

downstream portion of Johnson Creek (JC1) plotted in the upper-right quadrant of the PCA grid 

between 2007 – 2016 (except late season 2008), indicating the intrusion of nutrient-rich lake 

water and ion erosion (including K+ from the Quaternary sediments) as the creek moves through 

OCF (Figure 6.12). Recently (post 2016) JC1 has moved farther up-left indicating an increase in 
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ion erosion in this watershed (potentially including Na+, Cl-, Mg2+, SO42-) relative to nutrient 

input (Figure 6.12). Schaeffer Creek (SC) is the second largest tributary of the Old Crow River 

and plots in the upper-right to central-right region of the PCA grid downstream (SC1). This 

placement is indicative of a high nutrient (DOC, TP, TN, TDP) component in the downstream 

portion of Schaeffer Creek, with fluctuating contributions of riverbank erosional downstream 

(Figure 6.12). King Edward Creek is the final tributary to enter the Old Crow River (upstream of 

OR1) prior to it joining the Porcupine River (Figure 6.1C). King Edward Creek tends to plot the 

highest along axis 1, remaining relatively stable on axis 2 throughout the sampling campaign. 

The relative stability along axis 2 indicates little change in the contributions of silica (SiO2) and 

other ions (including K+, Na+, Cl-) compared to other tributary sampling stations. This PCA 

placement indicates a very high nutrient content derived from organic-rich soils and/or lake 

water intrusion (DOC, TDP, TN; high on axis 1).  

 

These streams influence the river chemistry in the Old Crow River, directing the 

downstream Old Crow River stations’ chemistry in the direction of their PCA placement after 

joining the main river network. Johnson Creek, Schaeffer Creek, and King Edward Creek all 

intersect the Old Crow River, between OR3 and OR1, and are more heavily clustered around 

OR3 spatially (Figure 6.1C). Figure 6.12 displays how OR1 consistently plots farther up and to 

the right then OR3, except for during the late season of 2008, and the early season of 2019 where 

OR1 dropped down axis 2. The consistent movement right between OR3 and OR1 hints at the 

significant variation in chemistry brought upon by the convergence of the largest tributaries, 

Johnson Creek, and Schaeffer Creek, as well as King Edward Creek, driven by a massive influx 

of fluvially eroded ions and nutrient-rich lake waters (Figure 6.12). The early season samples 
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collected in 2008, 2009, 2016, and 2019 indicate that Schaeffer Creek was most influential on 

the chemistry of the Old Crow River (compared to JC and KC), as SC1 consistently pulled the 

OR1 samples in the direction of where it was plotted (typically higher right then OR1 – except 

2019 where it is lower) (Figure 6.12). King Edward Creek and Johnson Creek plotted in the 

opposite direction of movement along axis 2 during these sampling periods. During both the 

early and late sampling seasons of 2017 and 2018, both Johnson Creek and Schaeffer Creek 

seemed to each have a significant influence on the downstream chemistry at OR1. During these 

years Johnson Creek plotted either very close to SC1 (early season 2017), or above SC1 (late 

season 2017, early season 2018, and late season 2018), and either right (early season 2018) or 

left on axis 1 (late season 2017 and 2018), representing a consistent increase in K+ and Na+ ion 

content, and a fluctuating influence of nutrients versus carbonate ions (Figure 6.12). The 

influence of both Schaeffer Creek and Johnson Creek during these sampling trips is 

demonstrated by the consistent movement right along axis 1, while plotting between SC1 and 

JC1 on axis 2. In the late season of 2008, the chemistry of OR1 was heavily influenced by the 

inflow of King Edward Creek upstream, as OR1 moved down-right from OR3 for the only time 

between 2007 – 2009 and 2015 – 2018. This was the result of silica and nutrient-rich waters from 

King Edward Creek having a larger chemical influence on the Old Crow River than the more 

average ion composition found in Schaeffer Creek and Johnson Creek at that time (Figure 6.12).  

 

Overall, the upstream sampling locations (TC, OR7, SC3, and PC; Figure 6.1C) plot low 

on axis 2 and transition up the PCA plot at the downstream stations (OR6, OR4, OR1, JC1, and 

SC1; Figure 6.12). This indicates an increase in nutrient and ion rich water as the tributaries 

slowly converge down the incised river network, interacting with the Quaternary sediments and 
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the connected thermokarst lakes. This suggests that the Quaternary sediments and thermokarst 

lakes have a larger impact on the downstream geochemistry than the initial geology in the 

headwater portion of the catchments. The geology in the headwater catchment does impact the 

initial upstream geochemical signature of these tributaries, grouping streams with similar origins 

together (Figure 6.12), however these streams undergo similar geochemical variation as they 

flow through the Quaternary sediments. Potato Creek, Black Fox Creek, and a combining factor 

of Johnson, Schaeffer, and King Edward Creeks, further contribute to the variation along the Old 

Crow River. These tributaries influence the Old Crow Rivers geochemistry by introducing ions 

from the headwater ranges, and through the varying degrees of ion dissolution, sediment erosion, 

and lake intrusion across the OCF (Figure 6.12).  

 

6.3.3.4 The Influence of the Old Crow River on the Chemistry of the Porcupine 

River 

 

The Old Crow River converges on the Porcupine River between the two sampling 

stations at PR2 and PR1 (Figure 6.1C). These stations were sampled to identify the overall 

influence that the Old Crow River network has upon the water chemistry of the Porcupine River. 

The Porcupine River was initially sampled only upstream of the confluence of Old Crow River, 

at PR2, which plotted central-left in PCA space between 2007 – 2009, and in the upper-left 

quadrant since 2016. Between 2007 and 2009 the upstream Porcupine River water was ion-rich 

(Ca2+, Mg2+, high alkalinity, DIC, SO4-) and nutrient poor (DOC, TN, TDP, TP). The Porcupine 

river became more alkaline since 2016 (Figure 6.12). By comparison the Old Crow River is 
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more nutrient rich, and this suggest an increased rate of lake water contributions from across the 

OCF (Figure 6.12).  

 

In 2017 the sampling station downstream of OR1 was included (PR1) and displayed a 

similar geochemical signature to the upstream PR2 station. This tight grouping indicates a 

generally low chemical influence of the Old Crow River on the Porcupine River. This was not 

the case, however, for the late season 2017 when there was a clear increase in nutrient rich water 

from PR2 to PR1, as emphasized by the movement up axis 1 on the PCA between these sites 

(Figure 6.12). This increase in nutrient influx was potentially the result of increased lake water 

contributions, or fires within the Johnson Creek watershed that may have remobilized nutrients 

from the combusted organic matter. These nutrients may have been remobilized within the 

Johnson Creek catchment, being carried downstream through the largest tributary of the Old 

Crow River prior to entering the Old Crow River and then Porcupine River (Figure 6.12).   

6.4 Discussion  

Arctic landscapes rich in thermokarst lakes and permafrost, such as OCF are 

experiencing rapidly altering changes to regional climate, the dominant precipitation type, thaw 

season length, permafrost deterioration, lake drainage, and an overall increase in connectivity 

between terrestrial and aquatic systems (IPCC, 2014; Lantz and Turner, 2015; MacDonald et al., 

2012; Turner et al, 2014; Jones et al 2020; Rowland et al 2010; Beel et al., 2021; Turner et al, 

2014; MacDonald et al., 2021). These wide-ranging climate derived landscape changes are of 

concern to the Vuntut Gwitchin First Nation and their traditional way of life including their 

ability to collect food resources due to altering migration pattern, ice coverage length and 
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thickness, vegetation encroachment, methods of transportation, and concerns for their 

infrastructure that is built upon permafrost influenced ground.  

 

Globally, the response of permafrost landscapes to the changing climate are of concern 

due to the potential implications on carbon and other nutrient cycling that can influence climate 

change feedback mechanisms (IPCC, 2014; Tranvik et al., 2009). The increase of lake-river 

connectivity displayed in the isotopic and geochemical analysis is indicative of increased lake 

vulnerability, permafrost degradation, and lateral lake drainage events that have been described 

in OCF by Lantz and Turner (2015). Beel (2021) similarly describes how climate warming in 

Arctic landscapes (particularly the Cape Bounty Watershed; ~ 1,300 km northeast of OCF) has 

shifted local precipitation from snowmelt to rainfall dominance, resulting in downstream 

hydrological effects as vertical lake drainage, surface water expansion, and the mobilized 

terrestrial materials increases. The continued rise in rainfall and the lengthening of the thaw 

season occurring in OCF (MacDonald et al., 2021) will increase rates of permafrost thaw and 

thermomechanical erosion, resulting in elevated rates of thermokarst lake drainage events, and 

lateral connectivity (Avis et al., 2011; Hinkel et al., 2007; Jones et al., 2011; Lantz and Turner 

2015; MacDonald et al., 2012; Mackay 1988; Nitze et al 2020; Swanson 2019). This has already 

been reported in northern Alaska under these changing climate conditions (Nitze et al., 2020; 

Swanson 2019), and in Cape Bounty, Nunavut (Beel et al., 2021). This is an important process to 

continue tracking in OCF due to the global implications of carbon cycling and biogeochemistry 

in this permafrost rich environment.  
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The changing isotopic signatures confirm that the headwaters of the tributaries have a 

higher component of snowmelt then downstream samples, incorporating more rainfall and 

evaporation-influenced lake water as they flow through OCF (Figure 6.11). The changing 

isotopic signatures across the OCF displays a transitioned towards a wetter, warmer, and more 

connected landscape during a relatively short interval between 2007 – 2019. This trend is 

displayed by recent sampling values plotting higher up the GMWL and LEL indicating less 

snowmelt influence overtime across OCF. The increased signature of heavier rain-derived 

isotope values between 2007 – 2019 is likely recording the response to the increasing winter 

temperatures (pronounced since 2013), the increased length of thaw season (2007 – 2019), and 

the increased precipitation (rain) during the thaw season (particularly between 2007 – 2011) as 

demonstrated in OCF by the lake monitoring network (Figure 6.4), and climate data 

(MacDonald et al, 2021). 

 

The trends displayed in the river water isotope monitoring record support the landscape 

and hydrological changes found in OCF’s 14-monitoring lake network (2007 – 2019; Figure 

6.4), and in the available climate data (1981 – 2006, 2007 – 2019) (MacDonald et al., 2021; 

Environment and Climate Change Canada, 2020). These findings showed that the majority of 

both spring and fall δL values plotted above the LEL, indicating that isotopically enriched 

rainfall, and potentially permafrost thaw were the dominant components to the lake water 

budget, with less impactful inputs of snowmelt (MacDonald et al., 2021). Our findings show that 

the influence of isotopically enriched rainfall was also found to increase over the 13-year 

sampling timeline in the river (Figure 6.11), as temperatures increase, and the landscape 

becomes wetter and more connected. The inclusion of permafrost thaw cannot be definitively 
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stated, as there is too close of an overlap between the isotopic signatures of evaporation-

influenced lake water and permafrost thaw (Figure 6.10), however, it can be assumed that the 

increased wetness and temperatures across OCF are leading to greater permafrost thaw 

contributions. A decrease in evaporative water loss across the OCF landscape was demonstrated 

by MacDonald et al (2021) using GAM-estimated trend-lines and Mann-Kendal trend analysis 

performed on E/I ratios over the 13-year monitoring period (Figure 6.4; MacDonald et al., 

2021). During that timeline E/I ratios decreased consistently across a group of hydrologically 

variable thermokarst lakes. The decrease in E/I values, and the transition away from evaporative-

dominant lakes (decreased from 3 to 0) toward more rain-dominant lakes, indicates a widespread 

shift in water balance in which evaporative water loss has become a less influential factor during 

the ice-free season, and rainfall influenced inflow has become a larger influence. By the end of 

the monitoring program all 14 of the sampled thermokarst lakes transitioned towards a rainfall-

dominated composition, with the lakes previously classified under that category displaying a 

stronger rainfall-influenced signature (Turner et al., 2014; MacDonald et al., 2021). These 

findings are consistent with the increasing rainfall signature displayed in the stable water isotope 

river data (Figure 6.11).  

 

 The principal component analysis of the nutrient and ion composition across the river and 

tributary network of OCF indicated that tributaries with similar headwater geology result in 

similar placement in PCA space, and therefore have a similar chemical signature. As these 

tributaries flow through the Quaternary sediments of the OCF, and through regions of variable 

land coverage (thermokarst distribution), downstream processes occur that drive chemical 

variation across the PCA (Figure 6.12). This analysis showed a consistent downstream trend in 
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OCF, where erosion, thermokarst drainage/connectivity, and other landscape changes have 

introduced lake-derived nutrients and eroded ions as the tributaries and the Old Crow River flow 

through OCF (Figure 6.12). Natural riverbank erosion and permafrost degradation across OCF 

influences the chemistry within the individual tributaries, as well as in the Old Crow River. The 

resultant sediment erosion and lake-river connectivity combine with the influence from the 

inflowing tributaries to cause downstream variation.  

 

Each of monitored streams (Figure 6.1C) excluding Thomas Creek demonstrate how the 

convergence of the tributaries influence the overall chemistry of the Old Crow River (Figure 

6.12). The Old Crow River generally did not have a strong influence on the chemistry of the 

Porcupine River, however, there is an occasional influence detected in the Porcupine River as the 

Old Crow River introduced large amounts of nutrient rich lake water downstream in the late 

season of 2017 (Figure 6.12).  Parameters including ions derived from carbonate rock (Ca2+, 

CO32- + HCO3-, Mg2+, DIC, SO4-), lake-derived nutrients (TN, TP, DOC, TDP), and granitic 

rocks (SiO2) were found to be particularly useful in separating tributaries with similar headwater 

geologies. These ions (and other including K+) and nutrients were also useful in tracking the 

degree of downstream erosion and the influence of lake water intrusion as the tributaries 

converged through OCF glaciolacustrine sediments. Monitoring the frequency and magnitude of 

thermokarst features, including retrogressive thaw slumps, along the streams of the Old Crow 

River network will therefore be important going forward, as these processes are influential on the 

downstream river geochemistry.  
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The suite of geochemical analysis performed in OCF has demonstrated that landscape 

changes, including the transition towards a wetter, more hydrologically connected environment, 

are recorded in the downstream network in real time. These landscape changes are poised to 

further increase the extent of permafrost degradation and physical disturbances (Olefeldt et al., 

2016; Turetsky et al., 2020; Keskitalol et al., 2021; Lafrenière and Lamoureux, 2019) in OCF, 

which have the potential to drastically increase the transport of suspended sediments, particulate 

organic matter and dissolved organic matter including carbon, nutrients, and ions downstream, 

altering carbon cycling processes (Abbott et al., 2015; Lamoureux et al., 2014; Bowden et al., 

2008; Lewis et al., 2012; Abbot et al. 2013; Kokelj et al., 2013; Lafrenière and Lamoureux, 

2019). Permafrost degradation also has the potential to initiate the emissivity of carbon as CO2 or 

CH4, continuing the feedback loop of increasing permafrost thaw releasing more greenhouse 

gases which will further increasing global temperatures (Natalia et al., 2021; Olefeldt et al., 

2016; Turetsky et al., 2020; Keskitalol et al., 2021). Continued research, beginning with remote 

sensing work, will focus on capturing the degree of landscape changes both upstream and 

downstream in the various sub-catchments, including permafrost degradation and thaw events 

(ex. retrogressive thaw slumps) in greater detail.  

 

Findings and approaches utilized here are readily transferable to other northern lake-rich 

landscapes that are climate-change sensitive. The utilization of stable water isotope tracers can 

be implemented in other remote northern landscapes to investigate climate-driven changes in 

regions where typical hydrological monitoring is not feasible. The dense coverage of drainage 

susceptible thermokarst lakes, and the trackable interactions between these perched water bodies 

and the incised river network make the OCF an important location in which research methods 
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can be replicated and built upon. Additionally, the long-term records of meteorological and 

geochemical data, and the human component and ground truthing capability that the VGFN 

provides further makes OCF a useful research site. Research outcomes presented here 

complement the findings from MacDonald et al (2021) by demonstrating that climate and lake 

changes are captured downstream as demonstrated by geochemical and limnological responses. 

The stable water isotope record (Figure 6.11) from the tributaries and rivers of OCF indicates an 

increasing influence of rainfall enrichment over the sampling campaign (2007 – 2019) and 

downstream in the tributary network. The increased rainfall has enhanced permafrost thawing 

and the connectivity between the draining thermokarst lakes, and the river network downstream, 

as downstream isotope values plot higher along the GMWL and LEL. The increased connectivity 

between the drainage sensitive thermokarst lakes and the river network is demonstrated by the 

increasing signature of evaporation influenced lake water in recent years, shown by the 

proximity to the LEL (Figure 6.11). The entire Old Crow River segment indicates a pronounced 

signature of evaporation influenced lake water (LEL), while also becoming more enriched over 

time (Figure 6.11).  

 

The geochemical analysis performed through PCA (Figure 6.12) similarly indicates the 

influence of lake drainage and connectivity downstream, as well as sediment erosion, and ion 

dissolution across OCF. This is displayed by the increasing contributions of sediment-derived 

ions and lake-derived nutrients as the tributaries travel downstream through the OCF sediments 

and join the Old Crow River. The increasing volumes of rainfall results in more permafrost thaw, 

erosion, and lake drainage/connectivity that is captured downstream (Figure 6.12). Further 

research and sample collection is required in OCF to continue enhancing our understanding on 
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how changing climate effects permafrost degradation, lake-river connectivity, thermokarst lake 

drainage, and downstream variation in the Old Crow River network. These findings will continue 

to provide the basis for anticipating future conditions across this important landscape.  

6.5 Conclusion 

Findings presented here summarize the trends displayed by the long-term geochemical 

monitoring of the OCF river network between 2007 and 2019. These spatial and temporal 

patterns have been compared with the documented changes in landscape, climate, and 

meteorological conditions experienced in OCF. These findings demonstrate the excellent 

potential of this long-term hydrological monitoring program in identifying the real-time 

consequences that increasing temperatures, altering precipitation patterns, and increasing rates of 

lake-river connectivity have on downstream fluvial environments within OCF. The stable water 

isotope (Figure 6.11) and major ion and nutrient records (Figure 6.12) indicate that OCF is 

becoming an increasingly wetter and warmer landscape, as increasing contributions of rainfall is 

resulting in a larger influence of permafrost thaw, lake-river connectivity, and sediment erosion, 

recorded both downstream, and over time. Hydrological monitoring performed in these remote 

and vulnerable Arctic landscapes typically rely heavily upon remote-sensing datasets and 

geospatial topographic methods to detect changes in surface water coverage and lake drainage 

after they occur. These techniques and have been highly useful in the past (Jones et al 2011, 

Lantz and Turner 2015; Nitze and Grosse 2016; Swanson 2019; Jones et al 2020; Nitze et al 

2020), however, the utilization of the real-time monitoring of stable water isotope tracers and ion 

and nutrient chemistry performed in the lakes and rivers of OCF provides a framework for 

improving our knowledge of important remote locations. Improvements in Arctic monitoring 
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capabilities occurs as these techniques provide the ability to identify changes in hydrology, 

limnology, as well as permafrost and shoreline degradation in real-time, that may not be visible 

on a larger landscape scale due the inaccessible and expansive nature of OCF. These and other 

monitoring techniques performed at OCF could be utilized in other high latitude, thermokarst 

dominant landscapes, that are likely undergoing similar hydrological responses to the increasing 

temperatures, contribution of rainfall events, and degree of lake-river connectivity. Collaboration 

between research projects, local communities, and government agencies is important to improve 

monitoring techniques in current research locations, as well as apply these techniques to other 

regions that may be un-monitored and are also undergoing rapid aquatic and landscape changes 

under climate change.  
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Chapter 7: Conclusions  

 
 Crawford Lake, Ontario and Old Crow Flats (OCF), Yukon are located in distant 

environments with unique climates, varying types of land coverage, degrees of human 

interaction, and geologic and geomorphologic histories from one another. Despite their 

numerous differences, these research sites are related by their capability to record signatures of 

the anthropogenic influence on the individual catchments, displayed through monitoring and 

sampling of water chemistry and physical properties. Crawford Lake is an excellent study 

location for tracking human influence as it demonstrates how anthropogenic interaction within a 

tiny catchment located in a relatively populated region of southern Ontario has shaped the 

limnology of this freshwater lake chemically long-term, while simultaneously recording and 

preserving the history of the catchment in annually accumulating varved laminations. OCF 

provides a unique and remote landscape densely populated by rivers, tributaries, perched 

thermokarst lakes, and thawing permafrost filled sediments that have been chemically and 

physically displaying drastic and rapid climate induced changes as human industrialization and 

urbanization alters northern climates.  

 

 Research performed at Crawford Lake revealed rare groundwater – surface water 

interactions that occur through the karstic dissolution features of the Niagara Escarpment, and 

facilitate an oxygenated deep basin completely isolated from the atmosphere and lake 

circulation. Groundwater intrusion through these karstic systems results in stratification across a 

sharp and consistent chemocline (~ 15-16 m) that is demonstrated by chemical, physical, and 

isotopic sampling of the lake column between February 2019 and June 2021, in addition to 

regional groundwater and precipitation chemistry data. The monitoring of Crawford Lake was 
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crucial in determining the source of the oxygenated monimolimnion, the preserving mechanisms 

for the deep basin varves that act the record of anthropogenic history in the presence of oxygen, 

and the formation of the inorganic component (calcite) of these laminations that precipitate 

yearly within the epilimnion during the spring and summer. The interactions between the 

bedrock stratigraphy of the Niagara Escarpment, particularly the Goat Island, and potentially the 

Gasport Formations which Crawford Lake resides within, the groundwater flowing through these 

units into lake basin (in addition to immerging as a spring recharging the lake inlet), and the 

precipitation that dilutes the upper water column recharging these groundwater systems, provides 

an excellent research site for studying how various water masses interact, or in the case of 

Crawford Lake’s deep basin, how they may not interact.  

 

The long-term sampling of OCF (2007 – 2019) provides an excellent proxy for how 

remote Arctic wetland environments are reacting to increased global temperatures, and changes 

in the magnitude, type, and timing of precipitation events. The dataset collected from the 

extensive river and tributary network indicates an overall trend of increasing hydro-connectivity 

between the various hydrological endmembers including thermokarst lake water, permafrost 

thaw, river water, and precipitation. The river network displayed that over time the landscape is 

introducing more lake, rain, and potentially permafrost thaw into the downstream tributaries of 

the Old Crow River. This is the result of increasing rainfall and temperatures promoting the thaw 

of shorelines, and the draining and overall connectivity between the lakes and rivers in relatively 

rapid succession. Although groundwater data was not factored into this research as it was in 

Crawford Lake, monitoring the interactions between these hydrological endmembers provides a 

record of long-term anthropogenic influence in a unique way that can be replicated in other 
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remote and at-risk landscapes, and communicated with the local populations who are living the 

consequences of these landscape changes.  

 

Future research performed at Crawford Lake may wish to revolve around more 

consistently monitoring the inlet, outlet, and spring stations for the chemistry and seasonal 

differences in physical parameters (e.g., temperature, pH, DO) as this was a somewhat 

inconsistent procedure during this thesis sampling. Similarly, sampling months between 

November and May would have been useful in providing a full annual record of lake chemistry 

as thin ice coverage and Covid-19 made this difficult during the sampling timeline. Sampling 

water from the Crawford Bog downstream of the outlet would also be interesting to add in the 

analysis, as it would provide another step in the hydrological system.  Measuring the inflow and 

outflow of groundwater at the depths where the various flow zones transect Crawford Lake’s 

basin would be the most useful exercise in concretely understanding the hydrogeology of the 

system.  

 

 Research performed at Old Crow Flats would involve the continued collection of samples 

from the monitoring network of rivers and tributaries ensuring to add onto the record of climate 

and landscape changes into the future. Adding in additional river sampling sites for the 

tributaries that only have one sampling location, either upstream or downstream, would allow for 

the spatial variation in isotopic and chemical records along that individual catchment to be 

determined, allowing for a more complete insight of the impacts of ongoing landscape changes. 

Continued communication with the VGFN will direct research at location where rapid changes 

(ex. drained lake, forest fires, shoreline slumping) are most pronounced, allowing these changes 
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to be cross referenced with the enormous suite of data collected and additional remote sensing 

work. Finally, a portion of this thesis revolved around tracking the influence the headwater 

mountain range geology has on the water chemistry as the various tributaries converge on the 

OCF and into the Old Crow River. Having a base endmember of water chemistry sampled from 

these mountain ranges could be interesting to add in interpretating the effects that headwater 

geology has on water chemistry down system.  
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Appendices  

Appendix A: Raw Hydrological, Geochemical, and Hydrogeological Data from Crawford 

Lake  

Table A.1 Raw temperature data with colour gradient displaying the epilimnion, metalimnion, 
hypolimnion, and monimolimnion. Values in boldface indicate the highest and lowest values. 

Table A.2 Raw dissolved oxygen data with colour gradient displaying the epilimnion, 
metalimnion, hypolimnion, and monimolimnion. Values in boldface indicate the highest and 
lowest values.  

TEMPERATURE (° C)
Depth (m)  15-Aug-18 20-Feb-19 13-Sep-19 01-Oct-19 19-Feb-20 17-Jun-20 23-Jul-20 20-Aug-20 17-Sep-20 15-Oct-20 18-Jun-21 Depth (m)  17-Sep-21

0 24.8 1.8 19.4 18.6 2.9 20.2 25.4 23.3 19.5 14.9 21.22 0 22.81
1 25.1 4.0 19.7 18.3 3.8 20.1 25.4 23.6 19.6 21.21 1 22.7
2 25.1 4.1 19.7 18.2 4.2 19.5 25.4 23.6 19.6 21.18 2 22.18
3 25.0 4.0 19.7 18.1 4.4 18.8 23.5 23.5 19.6 20.62 3 21.88
4 24.1 4.3 19.7 17.9 4.6 16.5 20.8 23.5 19.6 18.36 4 21.78
5 24.2 4.4 17.9 15.8 4.6 13.6 17.8 21.5 19.6 15.22 17.48 5 21.7
6 19.5 4.5 14.1 13.0 4.7 12.2 15.8 18.2 19.5 13.88 6 21.3
7 16.7 4.5 11.8 10.5 4.7 11.1 14.5 15.6 16.7 11.62 7 19.5
8 12.3 4.5 9.2 8.8 4.7 9.7 13.1 13.9 14.2 9.94 8 17.11
9 10.9 4.5 8.4 7.9 4.7 8.9 11.4 12.1 12.6 9.08 9 14.63

10 9.1 4.6 7.3 7.1 4.8 8.1 10.0 10.1 11.4 8.66 10 12.05
11 8.9 4.6 6.8 6.7 4.9 7.2 8.9 8.9 10.0 8.49 11 11.05
12 7.5 4.6 7.0 6.4 4.9 7.2 8.0 8.2 8.8 7.98 6.88 12 8.8
13 7.1 4.7 6.2 6.1 5.1 6.8 7.7 7.6 7.7 6.46 13 8.01
14 6.5 4.8 5.9 6.0 5.1 6.4 7.3 7.2 7.0 6.19 14 7.77
15 6.5 5.1 5.8 6.0 5.4 6.1 7.0 6.5 6.6 6.26 14.25 7.25
16 6.3 5.3 5.8 6.0 5.7 6.1 6.4 6.4 6.8 6.03 14.5 7.2
17 5.8 5.7 5.9 6.1 5.9 6.3 6.6 6.3 6.3 6.76 14.75 6.62
18 6.0 5.9 5.8 6.4 6.0 6.5 6.6 6.4 6.4 6.81 6.29 15 6.47
19 6.2 6.0 6.5 6.1 6.1 6.7 6.5 6.4 6.30 15.25 6.32
20 6.3 6.2 6.6 6.2 6.2 6.9 6.6 6.5 6.11 15.5 6.44

20.5 7.0 6.7 5.84 15.75
21 6.7 6.3 7.1 6.3 6.3 6.7 5.76 16 6.65

21.5 6.43 5.84 16.25
22 6.4 6.4 5.70 16.5 6.63

22.2 6.9 6.4 5.88 16.75

6.94 17
6.04 17.25
5.96 17.5
5.96 17.75
5.85 18
5.93 19
6.06 20
6.17 21
6.33 22

DO (mg/L)
Depth (m)  15-Aug-18 20-Feb-19 13-Sep-19 01-Oct-19 19-Feb-20 17-Jun-20 23-Jul-20 20-Aug-20 17-Sep-20 15-Oct-20 18-Jun-21 Depth (m)  17-Sep-21

0 6.25 17.5 11.5 10.4 16.1 12.8 12.0 15.0 11.9 10.13 12.24 0 11.62
1 6.15 15.1 11.9 10.3 15.1 11.8 10.3 12.1 10.9 12.43 1 11.2
2 6.25 14.9 11.3 10.3 14.7 11.9 10.0 11.5 10.8 11.23 2 10.93
3 6.17 14.8 11.3 10.2 14.5 13.9 12.6 11.1 10.7 14.56 3 11.06
4 6.76 14.3 11.1 10.6 14.2 14.2 10.0 10.8 10.6 17.60 4 10.86
5 6.76 13.8 16.7 11.4 13.7 14.8 12.4 20.0 10.5 11.63 18.82 5 10.44
6 10.20 13.4 18.3 11.1 13.4 14.5 15.7 16.7 10.5 19.26 6 10.28
7 11.90 13.1 16.5 8.5 13.3 13.7 15.3 15.1 11.7 17.65 7 12.23
8 10.70 13.0 19.2 8.5 13.3 12.4 14.1 13.9 9.8 14.85 8 12.06
9 9.20 14.9 13.56 8.48 13.7 11.6 12.6 13.3 10.1 12.07 9 9.52

10 8.40 14.5 10.4 9.0 13.0 10.4 11.7 10.7 10.2 11.42 10 7.42
11 6.70 13.9 10.0 9.2 11.8 8.4 10.9 9.8 8.8 11.53 11 6.72
12 6.30 12.8 10.1 9.4 12.3 6.7 10.3 9.5 9.82 7.25 12 7.72
13 6.10 11.9 10.1 9.5 12.2 5.6 10.0 10.0 9.2 6.33 13 7.82
14 6.20 11.5 10.2 9.7 11.9 9.6 9.9 9.9 9.4 5.75 14 7.12
15 6.24 11.1 10.08 9.6 11.5 9.6 10.0 10.9 9.4 5.32 14.25 6.12
16 6.23 10.8 9.9 9.61 11.4 9.5 10.0 9.7 9.7 5.50 14.5 5.84
17 6.26 10.4 9.9 9.6 10.8 9.4 9.9 9.6 9.3 8.46 14.75 5.82
18 6.20 10.3 9.8 9.5 10.7 9.2 9.8 9.4 9.2 8.93 5.72 15 5.69
19 6.10 10.1 9.4 10.3 9.5 9.7 9.2 9.1 5.57 15.25 5.58
20 6.00 9.9 9.3 9.9 9.2 9.3 9.1 9.0 5.27 15.5 5.47

20.5 9.3 8.8 5.22 15.75
21 5.90 9.8 9.1 9.9 9.1 9.0 5.15 16 5.25

21.5 8.83 5.10 16.25

22 9.7 9.7 5.05 16.5 5.29
22.2 9.6 9.5 4.93 16.75

5.43 17
5.14 17.25
5.60 17.5
5.02 17.75
4.92 18
4.95 19
4.55 20
4.82 21
4.62 22
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Table A.3 Raw pH data with colour gradient displaying the epilimnion, metalimnion, 
hypolimnion, and monimolimnion. Values in boldface indicate the highest and lowest values. 

Table A.4 Raw conductivity data with colour gradient displaying the mixolimnion and 
monimolimnion. Values in boldface indicate the highest and lowest values. 

CONDUCTIVITY (µS/cm)
Depth (m)  15-Aug-18 20-Feb-19 13-Sep-19 01-Oct-19 19-Feb-20 17-Jun-20 23-Jul-20 20-Aug-20 17-Sep-20 15-Oct-20 18-Jun-21 Depth (m)  17-Sep-21

0 580 583 556 560 558 545 521 537 540 558 575 0 588
1 599 580 555 562 586 545 515 524 538 575 1 569
2 599 580 555 563 594 560 514 522 539 575 2 560
3 550 580 555 566 595 586 567 521 539 600 3 558
4 595 582 555 575 601 587 591 521 539 623 4 555
5 595 585 641 630 603 610 609 587 539 559 626 5 559
6 632 585 642 648 604 630 615 621 543 636 6 620
7 642 590 644 658 606 635 616 627 632 644 7 644
8 652 592 653 664 610 645 621 628 644 640 8 654
9 670 595 652 666 618 648 629 630 643 642 9 661

10 676 599 663 673 624 653 632 635 650 645 10 666
11 690 602 668 680 624 666 638 641 649 654 11 668
12 700 607 676 697 630 670 650 649 654 676 666 12 677
13 697 612 689 739 644 691 657 661 673 670 13 676
14 718 618 717 785 657 761 675 684 722 673 14 678
15 758 660 787 1110 715 983 718 837 802 672 14.25 688
16 1100 1060 1070 1420 1040 1180 1020 1170 926 674 14.5 780
17 1770 1690 1870 1890 1370 1440 1420 1650 1400 676 14.75 1120
18 2290 1950 2040 2240 1770 1860 1730 1970 2070 1870 680 15 1480
19 2630 2370 2600 2280 1900 2170 2330 2320 683 15.25 1880
20 2870 2570 2630 2520 1920 2300 2490 2510 680 15.5 2390

20.5 2470 2570 715 15.75
21 2850 2660 2630 2570 2330 2600 741 16 2570

21.5 2590 787 16.25
22 2690 2660 843 16.5 2700

22.2 2290 2690 919 16.75

1170 17
1290 17.25
1460 17.5
1530 17.75
1690 18
1920 19
2250 20
2560 21
2700 22

pH
Depth (m)  15-Aug-18 20-Feb-19 13-Sep-19 01-Oct-19 19-Feb-20 17-Jun-20 23-Jul-20 20-Aug-20 17-Sep-20 15-Oct-20 18-Jun-21 Depth (m)  17-Sep-21

0 8.10 7.36 7.59 7.64 7.72 8.02 7.93 7.38 7.90 8.5 7.84 0 7.39
1 7.97 7.36 7.61 7.65 7.75 8.12 8.05 7.77 7.91 7.81 1 7.81
2 7.85 7.36 7.60 7.68 7.75 8.01 8.09 7.76 7.91 7.82 2 7.85
3 7.62 7.12 7.56 7.66 7.74 7.81 7.93 7.74 7.90 7.71 3 7.81
4 7.35 6.99 7.59 7.60 7.70 7.77 7.94 7.73 7.84 7.55 4 7.8
5 7.36 6.91 7.24 7.15 7.69 7.55 7.89 7.47 7.72 8.51 7.45 5 7.78
6 7.24 6.71 7.26 7.05 7.41 7.38 7.88 7.22 7.81 7.22 6 7.67
7 7.21 6.75 7.16 6.88 7.36 7.27 7.74 7.20 7.38 7.17 7 7.3
8 7.03 6.72 6.98 6.87 7.25 7.16 7.61 7.03 7.17 7.09 8 7.1
9 6.95 6.73 6.89 6.82 7.26 7.17 7.57 6.91 7.12 7.49 9 7.01

10 6.90 6.79 6.70 6.80 7.17 7.00 7.57 6.84 7.08 7.25 10 7
11 6.80 6.80 6.72 6.75 7.10 7.08 7.47 6.77 6.96 7.38 11 6.96
12 6.70 6.72 6.69 6.71 7.04 7.02 7.53 6.93 6.95 7.76 7.01 12 7.16
13 6.70 6.69 6.63 6.57 6.97 6.93 7.45 6.82 6.76 6.92 13 7.02
14 6.67 6.63 6.52 6.55 6.92 6.72 7.33 6.71 6.56 6.88 14 6.94
15 6.55 6.93 6.11 6.14 6.68 6.34 7.13 6.21 6.39 6.84 14.25 6.81
16 6.05 5.94 5.99 5.98 6.22 6.33 6.78 5.96 6.35 6.72 14.5 6.46
17 5.89 5.80 5.95 5.96 6.11 6.22 6.70 5.91 5.96 7.32 14.75 6.11
18 5.80 5.79 5.94 5.93 6.11 6.20 6.70 5.85 5.92 6.67 6.95 15 6.05
19 5.80 5.79 5.91 6.12 6.19 6.70 5.84 5.90 6.93 15.25 5.99
20 5.80 5.80 5.90 6.13 6.10 6.71 5.84 5.88 6.99 15.5 5.98

20.5 6.72 5.87 6.82 15.75
21 5.89 5.80 5.88 6.14 6.13 5.85 6.66 16 5.99

21.5 5.85 6.44 16.25
22 5.81 6.14 6.30 16.5 5.99

22.2 5.80 6.14 6.20 16.75
6.51 17
6.25 17.25
6.21 17.5
6.41 17.75
6.26 18
6.21 19
6.21 20
6.21 21
6.22 22
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Table A.5 Raw monthly chemistry data for the parameters displayed in depth profiles. A June 
2020 sample found at 22 meters was excluded from analysis (remained in Figures) due to a 
clearly corrupted sampling (displayed opposite trend in every parameter – likely the result of 
grabbing a shallower sample). Averages for samples under detection limit used a consistent 
value, half of the specific detection limit. 
 
 

 

Date Depth (m) Calcium (mg/L) Magnesium (mg/L) Alkalinity (CaCO3) (mg/L) Sodium (mg/L) Chloride (mg/L) Sulphate (SO4) (mg/L) Potassium (mg/L) TP (mg/L) TN (mg/L) 
Flouride 
(mg/L) 

20-Feb-19 2 60.2 32.6 276 14.9 28.9 19.1 1.1 <0.4
9 60.1 32.4 279 15.4 31.8 18.7 1.21 <0.4

15 69.8 35.1 304 18.2 32.4 21.5 1.51 <0.4
20 188 47.6 1070 8.98 16.1 <10 10.9 2.90

13-Sep-19 10 79.1 36 288 21.1 35 23.8 2 <0.4
15 84.6 36 320 23 37.1 19.5 2.2 <0.4
20 184 45.7 1020 15.4 28.9 <10.0 10.4 1.50

1-Oct-19 0 (1) 56.5 32.3 245 16.6 27.3 16.4 1.4 0.04 0.44 <0.4
 0 (2) 56.5 32.4 248 16.8 28.2 14.7 1.3 0.03 0.40 <0.4

10 71 34.1 293 18.6 27.4 18.6 1.8 0.05 0.73 <0.4
15 84.4 35.7 327 22 32.2 19.8 2.4 0.11 4.07 <0.4
20 87.5 35.6 401 17.4 25.8 20.3 4.3 2.90 22.30 <0.4

29-Nov-19 5 60 31.7 290 16.1 36.8 14.3 5 0.02 0.53 <0.4
10 60.5 32 281 16.2 39.5 13.2 2 <0.02 0.48 <0.4
12 60 31.9 282 16.2 36.1 12.8 1.4 <0.02 0.47 <0.4
14 65.9 33 302 17.7 36.8 12.2 1.6 0.02 1.07 <0.4
16 88.4 35.2 410 19.2 54 <10.0 2.6 1.84 14.40 <0.4
18 79 33.6 362 17.8 45.5 <10.0 2 1.02 9.13 <0.4
20 141 39.5 823 10.8 41.7 <10.0 6.6 11.3 80.2 0.90

19-Feb-20 0 66.2 33.1 266 18.6 24.6 17.9 1.9 <0.02 0.62 <0.4
4 65.3 33.7 274 18.7 30.1 18.5 1.7 <0.02 0.55 <0.4

10 68.8 34.4 283 19 32.8 18.6 1.6 <0.02 0.63 <0.4
12 68.8 34 284 18.8 33.8 19.8 1.5 <0.02 0.79 <0.4
14 71.4 34.1 296 20.2 37.2 21.2 1.5 <0.02 1.20 <0.4
16 99.5 36.7 455 18.4 37.6 <10.0 3.1 2.97 23.8 <0.4
18 132 39 694 12.8 30.4 <10.0 5.7 9.28 66.5 1.10
20 196 45.8 1160 7.56 20.9 <10.0 11.7 22.9 158 1.80
22 215 47.8 1390 6.35 20.6 <10.0 14.5 29.2 210 1.60

17-Jun-20 0 54.4 31.5 244 14.8 26.4 18 0.9 0.05 0.30 <0.4
5 56.4 31.5 262 14.9 30.4 16.2 0.8 0.04 0.20 <0.4

10 68.5 33.2 297 19.6 33.1 18.2 1.2 0.06 0.50 <0.4
14 71.5 33.7 307 20.5 35.8 19.1 1.3 0.07 0.60 <0.4
16 91.44 35.6 421 20.1 37.6 24.9 2.3 1.74 16.70 <0.4
18 170 42.2 991 8.93 38.7 <10.0 9.1 17.60 133.00 1.86
20 193 44.4 1290 7.43 36.5 <10.0 11.8 23.70 175.00 1.81

*** 22 102 35.9 555 16.4 30.6 23.8 3.8 6.08 46.10 1.07

23-Jul-20 0 48.4 32.1 240 16.9 25.8 18.4 1.3 <0.02 0.39 <0.4
2 48.5 32.4 241 15.7 25.2 16.1 1.2 <0.02 0.29 <0.4
4 61.9 34 274 17 31.5 16.5 1.2 <0.02 0.30 <0.4
6 65.1 34.2 290 19 35.8 20.4 1.3 <0.02 0.39 <0.4
8 62.3 34 287 17.2 33.6 17.3 1.2 <0.02 0.39 <0.4

10 66.9 34.6 293 18.6 33.3 18 1.3 <0.02 0.49 <0.4
15 67.8 34.8 305 18.8 35.9 17.9 1.3 0.02 0.53 <0.4
20 186 46.1 1230 6.34 36.7 15.1 12.7 22.9 174 1.68

20-Aug-20 0 51.8 32.7 227 15.8 29.6 17 1 <0.02 0.22 <0.4
2 50.7 32.3 248 15.2 24.4 12.3 1 <0.02 0.22 <0.4
5 54.7 32.8 248 15.7 26.3 16.9 1 <0.02 0.25 <0.4

10 69.3 33.8 297 18.8 31.7 19 1.3 0.02 0.55 <0.4
15 73.6 34.1 302 20.3 35.2 21.3 1.4 0.02 0.96 <0.4
18 119 38.1 635 13.8 26.6 23.7 5 7.69 52.5 0.98
20 186 43.8 1190 6.95 35.5 <10.0 11.7 21 152 1.48

28-Sep-20 2 49.8 33.1 254 16.1 26.8 14.8 0.9 <0.02 0.39 <0.4
6 49.4 33.2 251 16.4 31.1 15.3 1 0.02 0.41  <0.4

12 69.7 35.7 306 19.8 31.7 16.1 1.3 <0.02 0.73 <0.4
18 85.3 36.1 427 17.1 30.6 18.4 2.7 2.76 19.60 <0.4
22 198 47.1 1410 6.19 31.7 <10.0 14.9 27.3 198 1.73

19-Oct-20 0 54.4 34.6 263 18.2 29.2 21.3 1.9 0.03 0.53 <0.4
4 51.8 34.2 246 17.5 26.9 15.9 1.7 <0.02 0.28 <0.4

12 71.7 36 312 20.9 35.7 20.5 2 <0.02 0.63 <0.4
18 165 44.5 923 10.1 19.2 12.4 10.1 15.7 112 1.35

18-Jun-21 13 67.5 32.8 300 18.4 42.8 23.2 1.33 <0.02 0.91 <0.40
15 68.5 32.7 298 18.3 44.8 23 1.31 0.03 2.21 <0.40
17 129 37.6 666 12.9 32.6 34 5.5 8.5 59.6 1.49
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Table A.6 Chemical and physical data summarized from the surface, inlet, spring, outlet, and 
regional rainwater data collected. Shallow depth at the spring made it difficult to sample physical 
parameters using the Horiba multiprobe. The Horiba was not implemented in May of 2020 for 
either surface or inlet/outlet monitoring. Rainwater and snowmelt data from the Headon 
Reservoir did not include physical parameters of alkalinity. 

 
Table A.7 Stable water isotope values collected in November 2019, February 2019, and July 
2020 along with mixolimnion and monimolimnion sampling averages.  

Date Depth (m) δ2H (‰ VSMOW) δ18O (‰ VSMOW) 

29-Nov-19 10 -62.10 -8.92

12 -62.30 -9.02

14 -62.80 -9.16

16 -64.00 -9.50

18 -63.70 -9.44

20 -65.70 -9.64

19-Feb-20 0 -68.98 -10.04

2 -66.50 -9.34

4 -64.06 -8.80

6 -63.38 -8.63

8 -64.00 -9.00

10 -64.80 -9.40

12 -66.70 -9.60

14 -65.80 -9.60

16 -65.40 -9.90

18 -66.30 -10.20

20 -67.10 -10.20

22 -67.50 -9.80

23-Jul-20 0 -59.95 -8.77

5 -66.05 -9.90

10 -65.66 -9.82

15 -67.14 -10.38

20 -67.03 -10.32

Mixolimnion -64.70 -9.40

Monimolimnion -65.80 -9.90

Date Sample Location TN (mg/L) TP (mg/L) Na+ (mg/L) K+ (mg/L) Mg2+ (mg/L) Ca2+ (mg/L) Cl- (mg/L) SO42-(mg/L) Alk (mg/L) Temperature (° C) pH DO (mg/L) Conductivity (µS/cm)

May 2020 Lake Surface NA NA NA NA NA NA NA NA NA NA NA NA NA
Inlet 0.63 <0.02 10.2 1.3 35.0 80.7 18.6 16.5 284 NA NA NA NA

Outlet 0.41 <0.02 16.9 1.4 35.0 68.3 32.0 14.8 257 NA NA NA NA

June 2020 Lake Surface 0.30 0.05 14.8 0.9 31.5 54.4 26.4 18.0 244 20.2 8.02 12.8 545
Inlet 0.20 0.04 15.2 0.9 31.6 54.5 29.0 17.7 255 NA NA NA NA

Outlet 0.70 <0.02 12.0 0.8 33.5 77.6 23.8 17.7 320 NA NA NA NA

August 2020 Lake Surface 0.22 <0.02 15.8 1.0 32.7 51.8 29.6 17.0 227 23.3 7.38 15 537
Inlet 1.53 0.06 17.7 1.3 36.5 87.4 38.5 35.8 328 15.3 7.3 10.7 722

Spring 1.92 0.04 18.3 1.0 36.0 85.6 36.8 33.3 320 16.2 7.4 7.4 728

September 2020 Lake Surface 0.39 <0.02 16.1 0.9 33.1 49.8 26.8 14.8 254 19.5 7.9 11.9 540
Inlet 5.61 0.04 20.6 1.3 37.2 86.2 46.4 32.2 293 14.02 7.24 10.11 738

Outlet 0.27 <0.02 16.2 0.9 33.4 50.2 27.9 15.3 257 17.49 6.67 9.77 487
Spring 3.51 0.07 22.6 1.0 39.6 87.9 42.6 29.1 331 NA NA NA NA

October 2020 Lake Surface 0.53 0.03 18.2 1.9 34.6 54.4 29.2 21.3 263 14.9 8.5 10.1 558
Inlet 1.45 <0.02 21.9 2.5 36.5 86.8 39.4 36.7 312 11.79 7.91 9.82 745

Outlet 2.82 0.15 23.5 2.2 38.1 89.2 41.0 34.8 315 13.42 8.24 10.76 572
Recharge 1.08 0.04 18.1 2.0 33.8 63.5 31.4 19.5 260 NA NA NA NA

Jun-21 Inlet 2.76 <0.02 16.3 1.3 34.3 84.6 44.4 33.6 332 15.82 6.48 15.02 783

2018-2020 Headon Reservoir 0.44 0.01 0.12 0.02 0.05 0.27 0.16 0.83 NA NA NA NA NA
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Table A.8 Precipitation chemistry data sampled from the Headon Reservoir and provided by 
Environment Canada between January 2018 and December 2019 (Environment Canada, 2019).  
 
 

Date Na+ 
(mg/L) 

K+ 
(mg/L) 

Mg2+ 
(mg/L) 

Ca2+ 
(mg/L) 

Cl- 
(mg/L) 

SO42- 
(mg/L) TP (mg/L) TN (Kjeldahl) 

(mg/L) 
Conductivity 

(us/cm) pH 

Jan-18 0.24 0.02 0.05 0.21 0.39 0.80 0.00 0.34 11.70 4.89 

Feb-18 0.23 0.03 0.06 0.32 0.40 0.92 0.00 0.31 8.06 5.36 

Mar-18 0.20 0.01 0.09 0.33 0.36 0.97 0.00 0.44 9.75 5.84 

Apr-18 0.12 0.03 0.06 0.35 0.20 0.97 0.00 0.54 9.20 6.26 

May-18 0.03 <0.01 0.07 0.38 0.06 0.83 0.02 0.41 8.34 5.27 

Jun-18 0.03 0.02 0.07 0.28 0.05 0.83 0.00 0.49 7.16 6.26 

Jul-18 0.02 0.04 0.06 0.26 0.06 0.69 0.00 0.44 6.35 5.98 

Aug-18 0.03 0.05 0.06 0.24 0.04 1.12 0.00 0.65 8.39 6.09 

Sep-18 0.05 <0.01 0.04 0.17 0.06 0.69 0.01 0.37 5.53 5.83 

Oct-18 0.03 0.02 0.04 0.18 0.08 1.13 0.00 0.44 8.00 5.38 

Nov-18 0.05 <0.03 0.02 0.10 0.09 0.65 0.00 0.32 8.40 5.07 

Dec-18 0.11 <0.03 0.03 0.14 0.17 0.78 0.00 0.29 10.90 4.89 

Jan-19 0.28 <0.03 0.06 0.20 0.46 0.79 0.00 0.36 10.70 5.04 

Feb-19 0.70 0.03 0.05 0.25 0.32 0.61 0.00 0.30 9.20 5.19 

Mar-19 0.11 0.03 0.05 0.28 0.18 1.07 0.00 0.43 10.50 5.14 

Apr-19 0.06 <0.03 0.04 0.21 0.10 0.75 0.01 0.42 6.50 5.99 

May-19 0.06 0.04 0.06 0.23 0.11 0.82 0.01 0.61 7.50 6.25 

Jun-19 0.11 0.03 0.05 0.18 0.07 0.95 0.00 0.60 7.50 5.85 

Jul-19 <0.01 <0.03 0.10 0.39 0.08 0.92 0.00 0.63 9.20 6.16 

Aug-19 0.02 0.03 0.05 0.20 0.05 0.51 0.00 0.48 5.60 6.04 

Sep-19 0.05 0.04 0.10 0.46 0.11 1.51 0.03 0.90 11.90 6.21 

Oct-19 0.02 <0.03 0.03 0.16 0.08 0.50 0.00 0.22 4.30 5.61 

Nov-19 0.15 <0.03 0.05 0.78 0.26 0.53 0.00 0.25 8.20 6.47 

Dec-19 0.07 <0.03 0.02 0.11 0.13 0.52 0.00 0.34 6.00 5.41 

Average  0.12 0.02 0.05 0.27 0.16 0.83 0.01 0.44 8.29 5.69 



 231 

Table A.9 DOC, DIC, and POC radiocarbon data collected from Crawford Lake on September 
11, 2020 and analysed at the Andre E. Lalonde AMS Laboratory at the University of Ottawa.  
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Table A.10 Regional wells from the Provincial Groundwater Monitoring Network (PGMN) with 
matching wells indicated in green, and variable wells in red. 2016-2017 values from the Garden 
Lane Cemetery Site was excluded from analysis due to odd values highlighted in yellow. 
 

 

Mountsberg Conservation pH Conductivity Sodium Potassium Magnesium Calcium Chloride Sulphate HCO3 + CO3 Nitrite Fluoride

2003 7.56 770 18.0 2.2 37.2 94.8 39.3 29.3 359 0.005 0.1

2007 7.75 685 11.0 2.0 32.0 81.0 36.0 12.0 316 0.1

2008 7.91 656 20.4 1.6 31.7 55.8 38.1 7.0 265 0.005 0.11

2009 7.82 506 19.7 1.7 29.1 41.3 38.1 4.5 215 0.005 0.06

2010 7.81 683 18.5 2.3 31.9 74.2 39.2 10.4 305 0.005 0.09
2011 8.42 789 16.1 1.9 37.4 96.1 33.4 19.2 376 0.005 0.07
2012 7.65 883 15.6 1.9 45.3 92.1 35.6 36.9 412 0.005 0.07
2013 7.99 728 21.5 1.7 35.8 81.1 37.8 9.2 327 0.001 0.06
2014 7.75 748 15.3 1.9 39.7 85.5 28.2 13.8 363 0.001 0.04
2015 7.63 728 24.0 1.6 34.4 73.4 49.4 6.2 299 0.003 0.07
2016 8.28 712 26.6 1.6 31.6 69.7 53.1 6.3 271 0.003 0.05
2017 7.89 693 25.9 1.4 30.3 61.4 45.1 4.2 283 0.003 0.08
2018 7.56 768 24.6 1.4 36.3 90.4 41.8 11.0 338 0.002 0.05

change from 19.7

Kilbride pH Conductivity Sodium Potassium Magnesium Calcium Chloride Sulphate HCO3 + CO3 Nitrite Fluoride

2003 7.61 790 34.2 3.4 32.7 86.2 34.7 32.1 377 0.005 0.1

2005 7.62 716 11.0 3.9 32.5 90.6 14.8 34.3 337 0.005 0.07

2007 8.02 648 5.0 3.0 31.0 88.0 8.0 24.0 324 0.1

2008 7.95 697 6.9 3.2 35.0 71.6 11.2 26.8 371 0.005 0.11

2009 7.61 685 14.7 2.9 30.6 91.7 15.1 20.9 342 0.005 0.07
2010 7.79 914 29.0 2.9 36.0 108.0 31.0 24.5 391 0.01 0.06
2011 8.35 664 9.1 3.3 29.0 89.2 12.2 21.1 332 0.006 0.08
2012 7.71 791 40.1 2.9 29.1 64.9 18.2 23.6 397 0.005 0.07
2013 8.05 729 19.3 2.7 31.5 78.0 15.3 21.2 347 0.001 0.05
2014 7.62 758 11.6 2.8 35.9 101.0 17.5 18.1 385 0.001 0.04
2015 7.59 702 11.5 2.5 32.2 93.2 15.9 21.1 339 0.001 0.06
2016 8.06 726 40.5 5.6 61.3 116.0 10.8 22.6 316 0.001 0.04
2017 8.21 583 8.9 2.6 31.4 86.9 12.6 22.7 250 0.002 0.06
2018 7.60 677 14.6 2.5 29.9 98.8 18.3 23.6 316 0.001 0.07

Cations (mg/L) Anions (mg/L)

Fletcher Creek pH Conductivity Sodium Potassium Magnesium Calcium Chloride Sulphate HCO3 + CO3 Nitrite Fluoride

2003 8.05 637 10.4 1.2 30.2 76.0 11.4 23.9 286 0.005 0.08

2006 8.10 662 12.0 1.3 33.0 82.0 24.0 22.0 296

2007 8.10 692 17.0 1.4 34.0 84.0 39.0 27.0 283

2008 8.31 605 8.1 1.2 31.5 82.5 19.6 22.1 277 0.005 0.07

2009 8.03 606 8.2 1.2 32.3 79.7 19.0 19.2 272 0.005 0.08
2010 7.97 637 8.9 1.2 30.9 80.5 20.4 18.3 268 0.01 0.08
2011 8.37 626 11.5 1.4 30.1 83.4 22.7 17.6 272 0.005 0.06
2014 8.12 594 7.6 1.0 31.0 66.0 13.4 16.3 281 0.001 0.05
2015 7.93 603 11.1 1.1 29.2 61.8 20.3 19.0 263 0.001 0.07
2017 7.99 600.00 11.20 1.09 29.00 35.70 19.40 18.10 257.00 0.00 0.07
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Kelso pH Conductivity Sodium Potassium Magnesium Calcium Chloride Sulphate HCO3 + CO3 Nitrite Fluoride

2007 7.95 1150 85.0 1.0 29.0 111.0 153.0 37.0 314 0.11

2008 7.94 1220 95.3 2.5 24.2 79.1 189.0 44.3 312 0.005 0.11

2009 7.75 1080 82.7 1.2 28.5 103.0 162.0 35.9 300 0.005 0.11

2012 7.84 991 65.0 1.4 28.2 81.3 114.0 38.0 300 0.02 0.08

2013 8.01 1200 105.0 1.4 26.4 99.2 166.0 35.7 302 0.003 0.08
2014 7.78 1650 186.0 1.3 28.0 111.0 302.0 38.7 314 0.002 0.05
2015 8.28 1760 211.0 1.7 28.2 115.0 319.0 41.6 299 0.009 0.06
2016 8.39 1530 178.0 1.3 26.1 52.4 262.0 39.5 285 0.005 0.05
2017 7.61 1500 170.0 1.4 28.3 108.0 253.0 38.2 278 0.006 0.06
2018 8.24 1630 187.0 1.4 27.9 117.0 288.0 38.3 298 0.006 0.04

Courtcliffe Park pH Conductivity Sodium Potassium Magnesium Calcium Chloride Sulphate HCO3 + CO3 Nitrite Fluoride

2003 8.12 1530 36.8 2.8 68.6 181.0 73.0 529.0 258 0.005 0.28

2007 7.94 1580 39.0 3.0 46.0 249.0 81.0 529.0 256 0.31

2008 7.78 1460 40.7 2.9 58.5 200.0 76.7 581.0 254 0.005 0.31

2009 7.90 1520 38.9 2.8 58.2 232.0 75.6 569.0 235 0.005 0.21

2010 7.80 1550 38.9 3.0 60.0 211.0 77.2 407.0 258 0.01 0.27
2011 8.42 1580 36.0 3.2 58.9 262.0 79.3 521.0 255 0.005 0.23
2012 7.76 1540 42.2 3.0 56.6 205.0 77.3 530.0 253 0.005 0.2
2013 8.00 1570 39.0 2.8 57.0 252.0 75.7 552.0 251 0.002 0.2
2014 7.90 1530 37.5 2.9 56.4 231.0 75.1 525.0 251 0.002 0.14
2015 7.85 1580 38.2 2.7 53.8 245.0 76.3 550.0 241 0.005 0.16
2016 8.05 1560 39.9 2.8 47.2 237.0 82.3 517.0 224 0.001 0.22
2017 7.94 1530 42.2 2.7 50.3 254.0 84.2 541.0 240 0.002 0.2
2018 7.77 1540 41.0 2.8 50.7 245.0 80.7 520.0 241 0.002 0.16

Garden Lane Cemetery pH Conductivity Sodium Potassium Magnesium Calcium Chloride Sulphate HCO3 + CO3 Nitrite Fluoride

2003 7.93 960 55.0 2.3 28.5 91.0 116.0 97.0 244 0.115 0.06

2005 7.93 887 48.0 2.0 23.2 102.0 92.4 79.5 243 0.07 0.05

2006 8.10 940 45.0 2.0 24.3 121.0 88.0 95.0 245 0.07 0.1

2007 7.92 879 48.0 2.0 21.0 102.0 97.0 72.0 241 0.11

2008 8.22 872 41.2 2.0 24.2 92.5 103.0 79.8 198 0.047 0.06
2009 8.26 897 54.3 2.0 22.1 98.1 115.0 55.7 262 0.054 0.06
2010 7.94 882 41.3 2.0 22.0 95.0 91.7 52.0 265 0.05 0.06
2012 7.94 855 51.8 2.0 19.9 76.0 89.9 51.2 261 0.05 0.07
2013 8.12 920 38.7 2.0 23.9 112.0 92.7 64.0 241 0.065 0.04
2014 7.87 911 44.7 2.0 23.0 108.0 102.0 60.8 242 0.061 0.04
2015 7.93 896 44.2 2.1 24.1 109.0 93.1 68.2 237 0.045 0.04
2016 8.06 1030 55.1 2.2 24.1 99.8 1.2 58.9 236 0.042 0.03
2017 8.51 1070 53.9 2.3 27.4 101.0 129.0 0.5 270 0.039 0.04
2018 7.70 958 52.1 2.3 23.9 119.0 118.0 55.2 255 0.046 0.04
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Figure A.1 Box and Whisker plots displaying the distribution of temperature, conductivity, 
dissolved oxygen, and pH in the epilimnion, metalimnion, hypolimnion, and the monimolimnion 
of Crawford Lake. The data displayed in these plots was measured between August 2018 and 
September 2021, and is displayed in Figure 4.1, and Table 4.1.  
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A) 

B) 
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Figure A.2 Box and Whisker plots displaying the interannual distribution of water temperature 
(A), conductivity (B), dissolved oxygen (C), and pH (D) across months sampled multiple times 
over the sampling timeline. The plots were grouped by sampling month and were separated by 
the year the physical parameter was measured, and by depth (i.e., epilimnion, metalimnion, 
hypolimnion, and monimolimnion). The data displayed in these plots was collected from 
Crawford Lake between August 2018 and September 2021 and is displayed in Tables 4.2 – 4.5.  

C) 

D) 
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Figure A.3 Box and Whisker plots displaying depth related trends in the major ion and nutrient 
chemistry collected from Crawford Lake between February 2019 and June 2021. The chemistry 
data was plotted by parameter, and by the location in the water column the sample was collected 
from (i.e., epilimnion, metalimnion, hypolimnion, and monimolimnion). The box plots displayed 
here match the format of Figure 4.6, and summarize the data shown in Table 4.6.  
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Figure A.4 The summary inlet and outlet chemistry measured at Crawford Lake. This figure is 
portion (A) of the larger surface hydrology model seen in Figure 4.7. The data for this chart can 
be found in Table A.6 of this appendix.  
 
 

 
Figure A.5 The summary physical surface water data measured at Crawford Lake using the 
Horiba multiprobe. This figure is portion (B) of the larger surface hydrology model seen in 
Figure 4.7. The data for this chart can be found in Tables A.8 of this appendix.  
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Figure A.6 The summary precipitation chemistry data measured at the Headon Reservoir by 
Environment Canada. This figure is portion (C) of the larger surface hydrology model seen in 
Figure 4.7. The data for this chart can be found in Tables A.1-4 of this appendix.  
 

 
Figure A.7 The summary physical parameter data measured in the recharge spring, the inlet, and 
the outlet of Crawford Lake. This figure is portion (D) of the larger surface hydrology model 
seen in Figure 4.7. The data for this chart can be found in Tables A.6 of this appendix.  
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Figure A.8 The summary temperature data measured across the recharge spring, the inlet, the 
lake surface, and the outlet of Crawford Lake. This figure is portion (E) of the larger surface 
hydrology model seen in Figure 4.7. The data for this chart can be found in Tables A.1 and A.6 
of this appendix.  
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Appendix B: Raw Data and Conversion Charts for Langelier Saturation Index 

Calculations  

Table B.1 Dataset of parameters used for LSI calculations and the subsequent results from the 
calculations (pHs and LSI)  

Date Depth (m) Calcium (mg/L) Alkalinity (CaCO3) (mg/L) Conductivity (uS/cm) pH Temperature pHs LSI 

20-Feb-19 2 60.2 276 583 7.36 4.1 8.1 -0.74
9 60.1 279 595 6.73 4.5 8.1 -1.37

15 69.8 304 660 6.93 5.1 7.9 -0.97
20 188 1070 2570 5.8 6.2 7.2 -1.4

13-Sep-19 10 79.1 288 668 6.7 7.3 7.9 -1.2

15 84.6 320 787 6.11 5.8 7.8 -1.69
Horiba Data from 18 m 20 184 1020 2040 5.94 5.8 7.2 -1.26

1-Oct-19 0 56.5 245 560 7.64 18.6 7.8 -0.16
10 71 293 673 6.8 7.1 7.9 -1.1
15 84.4 327 1110 6.14 6.0 7.9 -1.76
20 87.5 401 2630 5.9 6.6 8 -2.1

19-Feb-20 0 66.2 266 558 7.72 2.9 8.1 -0.38
4 65.3 274 601 7.7 4.6 8 -0.3

10 68.8 283 624 7.17 4.8 8 -0.83
12 68.8 284 630 7.04 4.9 8 -0.96
14 71.4 296 657 6.92 5.1 7.9 -0.98
16 99.5 455 1040 6.22 5.7 7.7 -1.48
18 132 694 1770 6.11 6.0 7.5 -1.39
20 196 1160 2520 6.13 6.2 7.2 -1.07
22 215 1390 2660 6.14 6.4 7.1 -0.96

24-Jun-20 0 54.4 244 545 8.02 20.2 7.8 0.22

5 56.4 262 610 7.55 13.6 7.9 -0.35
10 68.5 297 653 7 8.1 7.9 -0.9
14 71.5 307 761 6.72 6.4 7.9 -1.18
16 91.44 421 1180 6.33 6.1 7.8 -1.47
18 170 991 1860 6.2 6.5 7.2 -1
20 193 1290 1920 6.1 6.2 7.1 -1

ODD DATA 22 102 555 1120 6.5 6.2 7.6 -1.1

23-Jul-20 0 48.4 240 521 7.93 25.4 7.7 0.23

2 48.5 241 514 8.09 25.4 7.7 0.39

4 61.9 274 591 7.94 20.8 7.6 0.34

6 65.1 290 615 7.88 15.8 7.7 0.18

8 62.3 287 621 7.61 13.1 7.8 -0.19
10 66.9 293 632 7.57 10.0 7.8 -0.23
15 67.8 305 718 7.13 7.0 7.9 -0.77
20 186 1230 2300 6.72 7.0 7.1 -0.38

20-Aug-20 0 51.8 227 537 7.38 23.3 7.7 -0.32
2 50.7 248 522 7.76 23.6 7.7 0.06

5 54.7 248 587 7.47 21.5 7.7 -0.23
10 69.3 297 635 6.84 10.1 7.8 -0.96
15 73.6 302 837 6.21 6.5 7.9 -1.69
18 119 635 1970 5.85 6.4 7.6 -1.75
20 186 1190 2490 5.84 6.6 7.2 -1.36

28-Sep-20 2 49.8 254 539 7.91 19.6 7.8 0.11

6 49.4 251 543 7.81 19.5 7.8 0.01

12 69.7 306 654 6.95 8.8 7.8 -0.85
18 85.3 427 2070 5.92 6.4 7.8 -1.88

19-Oct-20 0 54.4 263 558 8.5 14.9 7.8 0.7

4 51.8 246 559 8.51 15.2 7.9 0.61

12 71.7 312 676 7.76 8.0 7.8 -0.04
18 165 923 1870 6.67 6.8 7.2 -0.53

18-Jun-21 13 67.5 300 670 6.92 6.46 7.9 -1
15 68.5 298 680 6.95 6.29 7.9 -0.98
17 129 666 1170 6.51 6.94 7.4 -0.88
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Table B.2 Conversion factor for temperature required for LSI calculations 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table B.3 Conversion factor for total dissolved solids required for LSI calculations.  

TDS B 

0 9.70 

100 9.77 

200 9.83 

400 9.86 

600 9.89 

1000 9.90 

 

Water Temperature 

(°C) 
A 

0 2.60 

4 2,50 

8 2.40 

12 2.30 

16 2.20 

20 2.10 

25 2.00 

30 1.90 

40 1.70 

50 1.55 

60 1.40 

70 1.25 

80 1.15 
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Table B.4 Conversion factor for calcium and alkalinity concentrations required for LSI 

calculations. 

Calcium Hardness or Total Alkalinity in mg/L CaCO3 C* or D** 

10 1 

20 1.3 

30 1.48 

40 1.6 

50 1.78 

60 1.84 

70 1.9 

100 2 

200 2.3 

300 2.48 

400 2.6 

500 2.7 

600 2.78 

700 2.84 

800 2.9 

900 2.95 

1000 3.0 

*  Factor C is the log (base 10) of calcium hardness (mg/L) 

** Factor D is the log (base 10) of total alkalinity (mg/L) 
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Appendix C: Sediment Trap and 1935 Varve Microscope Analysis  

 
 Sediment traps were installed above the deep basin of Crawford Lake on August 21, 

2020, at 5.5 and 15.5 meters, and were sampled for their organic and contents that were captured 

during two of the three intervals of sedimentation. The first interval extended from August 21- 

October 19, 2020, capturing the late summer through fall turnover, but only the organic contents 

were examined by Andrea Krueger. The second spanned the late fall, winter, and spring (October 

19, 2020 – June 18, 2021) and the third through the 2021 summer season (June 18, 2021 – 

September 17, 2021). Strew slides of the untreated samples from both traps from the latter two 

sampling trips were mounted on glass slides using silicon oil, and representative 

photomicrographs are shown in Photo Plate C.1.  

  

Photo Plate C.1 Representative images of constituents captured in sediment traps between 
October 2020 – June 2021 (A – 5.5 m trap; B – 15.5 m trap) and June 2021 – September 2021 (C 
– 5.5 m trap; D – 15.5 m trap).   Magnification = 400x, scale bar represents 50 μm. 
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A subset of the samples from the sediment traps at the base of the epilimnion and the 

base of the hypolimnion (i.e., along the chemocline) collected in the latter two sampling trips 

was processed palynologically to examine the particulate constituents of the organic matter that 

accumulates on the lakebed. Palynomorphs (primarily the resistant life stages of phytoplankton, 

including chlorophyte and charophyte green algae and dinoflagellates, but also the remains of 

their consumers) on slides mounted using glycerin jelly were examined at 400 X magnification 

and identified to species, where possible (always at least to genus).  Palynomorphs were 

quantified in relation to a known quantity of marker spores added during processing, following 

Stockmarr (1971) and plotted as cumulative bar graphs (see Fig. 5.10). The details of 

palynological analysis will be discussed elsewhere (Krueger and McCarthy in prep.) but the 

contents can easily be related to seasonal variations in primary productivity and thermally 

induced stratification of the mixolimnion and its disruption at fall and spring turnover. The 

palynological analysis of sediment trap samples confirms that the dark organic laminae 

accumulate on the lakebed primarily following fall turnover when there is massive die-off of 

phytoplankton, when the mixolimnion becomes isopycnal, and most zooplankton migrate to the 

monimolimnion where conditions are equable and food is more plentiful between fall and spring 

turnover (see chapter 5, this thesis).  

 

The other subset of samples from the upper and lower traps spanning late fall through 

spring and through the 2021 summer season was treated with 30% hydrogen peroxide (H2O2) in 

a hot water bath for approximately 15-30 minutes in order to oxidize the majority of the organic 

matter as part of this thesis. These processed samples were mounted on glass slides using a 

silicone oil and a cover slip. Qualitative analysis of strew slides of the samples processed with 
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hydrogen peroxide (Photo Plate C.2) as well as smear slides of untreated sediment from the 

thick light and dark laminations of the 1935 varve year (Photo Plate C.3) is included in Chapter 

5 of this thesis. The representative images in Photo Plate C.2 are related to the depth in the 

water column and season captured in Figs. 5.7 and 5.8. Calcite crystals precipitate in the upper 6 

m of the water column when water is sufficiently warm and basic, but these tiny crystals appear 

to act as nuclei, allowing crystals to grow when they encounter water rich in calcium and 

bicarbonate ions at the chemocline (see chapter 5). Photomicrographs of all sediment trap and 

varve couplet slides were captured using a Leica DM750 microscope at 400x magnification, and 

the Leica MC120HD Digital Imaging Camera.  

 
 
Photo Plate C.2 Representative images of inorganic constituents captured in sediment traps 
between October 2020 – June 2021 (A – 5.5 m trap; B – 15.5 m trap) and June 2021 – September 
2021 (C – 5.5 m trap; D – 15.5 m trap) following laboratory oxidation of organic matter using 
hydrogen peroxide. Magnification = 400x, scale bar represents 50 μm. 
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Photo Plate C.3 Representative images of constituents in a) light- and b) dark-coloured laminae 
deposited in 1935, based on varve counting. Magnification = 400x, scale bar represents 50 μm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A) A) 
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Appendix D: Climate Normals and Historical Climate Data  

 
Figure D.1. Climate normals collected from the Burlington TS station (~ 25 km from Crawford 

Lake) between 1981 and 2010. This data was used throughout this thesis including proving a 

background of the regional climate and precipitation patterns (Chapter 2), and for comparing 

surface water temperatures taken during months with recorded sampling data and LSI 

calculations, to the atmospheric temperatures during the missing sampling interval (March – 

May 2020) to estimate when calcite may have been precipitated during this window (Chapter 5). 

These estimates showed that the precipitation that occurred in the epilimnion in October 2020 

with surface waters ~ 15 °C, had a colder atmospheric temperature on average, with smaller 

fluctuations in daily temperatures, then May, but not March and April, suggesting that calcite 

precipitation during late May was possible.  
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Table D.1 Climate and precipitation data collected from Oakville TWN station during August 

2020 was compared to the LSI calculations that were monitored on August 20, 2020, and 

indicate that a large precipitation event (15.6 mm) took place on the 17th and would have 

potentially decreased the epilimnion pH to values below the 7.76 threshold at certain depth (0 

and 2 m with 7.38 and 7.47 pH respectively; Appendix B.1). The Oakville TWN climate station 

is located ~ 15 km SE from Crawford Lake. 
 

 

 

 

 

Longitude 
(x)

Latitude 
(y)

Station Name Climate ID Date
Max Temp 

(°C)
Min Temp 

(°C)
Mean Temp 

(°C)
Total Rain 

(mm)
Total Precip 

(mm)
-79.69 43.51 OAKVILLE TWN 6155750 1-Aug-20 29 19.5 24.3 29 29
-79.69 43.51 OAKVILLE TWN 6155750 2-Aug-20 29 20 24.5 15.8 15.8
-79.69 43.51 OAKVILLE TWN 6155750 3-Aug-20 26 17.5 21.8 7 7
-79.69 43.51 OAKVILLE TWN 6155750 4-Aug-20 26 19 22.5 40 40
-79.69 43.51 OAKVILLE TWN 6155750 5-Aug-20 25 15 20 0 0
-79.69 43.51 OAKVILLE TWN 6155750 6-Aug-20 25 13 19 0 0
-79.69 43.51 OAKVILLE TWN 6155750 7-Aug-20 26 15.5 20.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 8-Aug-20 28.5 15 21.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 9-Aug-20 31 19.5 25.3 0 0
-79.69 43.51 OAKVILLE TWN 6155750 10-Aug-20 33.5 22 27.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 11-Aug-20 30 23 26.5 0 0
-79.69 43.51 OAKVILLE TWN 6155750 12-Aug-20 33 15.5 24.3 0 0
-79.69 43.51 OAKVILLE TWN 6155750 13-Aug-20 31 19.5 25.3 0 0
-79.69 43.51 OAKVILLE TWN 6155750 14-Aug-20 28.5 21 24.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 15-Aug-20 26.5 19 22.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 16-Aug-20 27.5 18.5 23 1 1
-79.69 43.51 OAKVILLE TWN 6155750 17-Aug-20 27.5 15 21.3 15.6 15.6
-79.69 43.51 OAKVILLE TWN 6155750 18-Aug-20 25.5 14 19.8 0.3 0.3
-79.69 43.51 OAKVILLE TWN 6155750 19-Aug-20 26 11.5 18.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 20-Aug-20 31 13 22 0 0
-79.69 43.51 OAKVILLE TWN 6155750 21-Aug-20 31 19 25 0 0
-79.69 43.51 OAKVILLE TWN 6155750 22-Aug-20 31 20 25.5 2 2
-79.69 43.51 OAKVILLE TWN 6155750 23-Aug-20 33 17 25 0 0
-79.69 43.51 OAKVILLE TWN 6155750 24-Aug-20 33 20 26.5 1 1
-79.69 43.51 OAKVILLE TWN 6155750 25-Aug-20 29.5 20 24.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 26-Aug-20 26 14.5 20.3 13.5 13.5
-79.69 43.51 OAKVILLE TWN 6155750 27-Aug-20 30 16 23 0 0
-79.69 43.51 OAKVILLE TWN 6155750 28-Aug-20 25.5 16 20.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 29-Aug-20 27 18 22.5 1.8 1.8
-79.69 43.51 OAKVILLE TWN 6155750 30-Aug-20 23.5 14 18.8 2 2
-79.69 43.51 OAKVILLE TWN 6155750 31-Aug-20 25 14 19.5 0 0
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Table D.2 Climate and precipitation data collected from Oakville TWN station during 

September 2019 was compared to the LSI calculations that were monitored on October 1, 2019, 

when no precipitation of calcite was predicted in the epilimnion due to a pH value of 7.64 at the 

surface. The precipitation data does not support the intrusion of a large volume of rainfall into 

the epilimnion that would decrease the pH substantially, as only 4.6 and 3.8 mm of rainfall 

occurred in the days preceding sampling.  
 

 

 

 

Longitude 
(x)

Latitude 
(y)

Station Name Climate ID Date
Max Temp 

(°C)
Min Temp 

(°C)
Mean Temp 

(°C)
Total Rain 

(mm)
Total Precip 

(mm)
-79.69 43.51 OAKVILLE TWN 6155750 1-Sep-19 20.5 15 17.8 1.4 1.4
-79.69 43.51 OAKVILLE TWN 6155750 2-Sep-19 26 15.5 20.8 0.2 0.2
-79.69 43.51 OAKVILLE TWN 6155750 3-Sep-19 25 12.5 18.8 5.2 5.2
-79.69 43.51 OAKVILLE TWN 6155750 4-Sep-19 22 16.5 19.3 0 0
-79.69 43.51 OAKVILLE TWN 6155750 5-Sep-19 22 9 15.5 0 0
-79.69 43.51 OAKVILLE TWN 6155750 6-Sep-19 22 12 17 1.4 1.4
-79.69 43.51 OAKVILLE TWN 6155750 7-Sep-19 24 11 17.5 0 0
-79.69 43.51 OAKVILLE TWN 6155750 8-Sep-19 19.5 11 15.3 0 0
-79.69 43.51 OAKVILLE TWN 6155750 9-Sep-19 19 9.5 14.3 0 0
-79.69 43.51 OAKVILLE TWN 6155750 10-Sep-19 25.5 11.5 18.5 6.4 6.4
-79.69 43.51 OAKVILLE TWN 6155750 11-Sep-19 30 17 23.5 6 6
-79.69 43.51 OAKVILLE TWN 6155750 12-Sep-19 19 13 16 1 1
-79.69 43.51 OAKVILLE TWN 6155750 13-Sep-19 23.5 12.5 18 2.2 2.2
-79.69 43.51 OAKVILLE TWN 6155750 14-Sep-19 24 14.5 19.3 0 0
-79.69 43.51 OAKVILLE TWN 6155750 15-Sep-19 19 11 15 3 3
-79.69 43.51 OAKVILLE TWN 6155750 16-Sep-19 19 15 17 0 0
-79.69 43.51 OAKVILLE TWN 6155750 17-Sep-19 24 12 18 0 0
-79.69 43.51 OAKVILLE TWN 6155750 18-Sep-19 24 12.5 18.3 0 0
-79.69 43.51 OAKVILLE TWN 6155750 19-Sep-19 24.5 12.5 18.5 0 0
-79.69 43.51 OAKVILLE TWN 6155750 20-Sep-19 26 11.5 18.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 21-Sep-19 27.5 14.5 21 0 0
-79.69 43.51 OAKVILLE TWN 6155750 22-Sep-19 32.5 19 25.8 0 0
-79.69 43.51 OAKVILLE TWN 6155750 23-Sep-19 25.5 21.5 23.5 0 0
-79.69 43.51 OAKVILLE TWN 6155750 24-Sep-19 23 12 17.5 0 0
-79.69 43.51 OAKVILLE TWN 6155750 25-Sep-19 28 10 19 4.6 4.6
-79.69 43.51 OAKVILLE TWN 6155750 26-Sep-19 23 14 18.5 0 0
-79.69 43.51 OAKVILLE TWN 6155750 27-Sep-19 23 8.5 15.8 3.8 3.8
-79.69 43.51 OAKVILLE TWN 6155750 28-Sep-19 22 12.5 17.3 1 1
-79.69 43.51 OAKVILLE TWN 6155750 29-Sep-19 15 9 12 0 0
-79.69 43.51 OAKVILLE TWN 6155750 30-Sep-19 24 11 17.5 0 0
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Table D.3 Summarized daily climate data collected from the Oakville TWN climate station (ID 

= 6155750) located ~ 15 km from Crawford Lake. The climate record covers the mean 

temperature and total volume of precipitation throughout the sampling timeline (2019 – 2021). 

The data here was used in creating Figure 5.12 in Chapter 5.  
 

Date/Time Mean Temp (°C) Total Precip (mm) 
Jan-19 -5.7 65.2 
Feb-19 -3.7 93.2 
Mar-19 -0.6 54.4 
Apr-19 6.4 95.2 
May-19 11.8 121.6 
Jun-19 18.3 97 
Jul-19 23.7 72.6 

Aug-19 21.5 53.8 
Sep-19 18.1 36.2 
Oct-19 11 144.8 
Nov-19 1.2 40.7 
Dec-19 -0.5 95 
Jan-20 -1 114.5 
Feb-20 -2.5 49.2 
Mar-20 3.2 74.6 
Apr-20 6 47.7 
May-20 12.5 47.8 
Jun-20 21.2 91 
Jul-20 25.5 43 

Aug-20 22.8 129 
Sep-20 17.3 60.8 
Oct-20 10.1 87.1 
Nov-20 7.8 51.9 
Dec-20 0.4 58.8 
Jan-21 1.4 37.6 
Feb-21 -0.2 42.5 
Mar-21 9.2 47 
Apr-21 12.8 56.8 
May-21 20.4 30.2 
Jun-21 22.4 88.6 
Jul-21 26.6 108.2 

Aug-21 29.2 40.6 
Sep-21 23.7 118.4 
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Appendix E: Legend Required for the Bedrock Geology Map of the Yukon 

Figure E.1. Legend for the Yukon Bedrock Geology map included in Chapter 2 (Figure 2.11) 

and referenced in Chapter 6 (Colpron et al., 2016). 


