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EXECUTIVE SUMMARY 
 
This report is prepared as a regional response to the high number of excursions of the 
PPWB water quality objectives in the Red Deer River at Bindloss in 2015.  A review was 
undertaken based on long-term data collected in the Red Deer River at Bindloss by 
Environment and Climate Change Canada, as well as long-term data at the upstream 
mainstem sites and short-term data at some tributary sites by Alberta Environment and 
Parks.   
 
Long-term patterns in non-compliance with transboundary objectives were assessed for 
total metals, total suspended solids (TSS), nutrients, dissolved ions and bacteria at 
Bindloss.  Correlations were assessed between TSS and variables of concern.  Spatial 
patterns were analyzed for both long-term and short-term periods for upstream 
mainstem sites and tributary sites, respectively.   
 
Analysis indicates that excursions primarily occurred in open-water season during 2015 
and historically.  The majority of excursions are due to total metals.  Hydrographs from a 
series of hydrometric stations in 2015 infer that the high number of exceedances in 
August and September were likely attributable to two runoff events in the Red Deer-
Drumheller and upstream Red Deer areas, respectively.   
 
Over the years, strong correlations were shown between TSS and total metals.  These 
substances appeared to be substantially elevated in the badlands reach.  High sediment 
concentrations and highly variable sediment fluxes appear to be the direct cause for 
exceedances in the water quality objective and the high degree of variability in total 
metal concentrations.  Erosion of relatively unenriched soils from the affected 
watersheds appears to contribute to the high levels of total metal concentrations.  
Studies have shown that the arid/semiarid climatic conditions lead to highly uncertain 
summer TSS production in the river, and the weak correlations between discharge and 
TSS. 
 
Spatial patterns for total phosphorus and bacteria were similar to that for total metals in 
the open water season.  Elevated levels of total nitrogen (in both seasons), and total 
phosphorus and dissolved phosphorus (in the ice-cover season) were observed at 
Nevis Bridge site (downstream of the City of Red Deer), which could be a possible focus 
for future investigations.   
 
Most major ions in the Red Deer River (potassium, chloride, sodium, sulphate and TDS) 
show increasing levels and variations from upstream to downstream.  TDS exceeded 
the objective multiple times over the past five decades, occurring mostly during low flow 
season.  Results indicate that the TDS spikes were mainly driven by flow and jointly 
impacted by other factors such as: runoff over the disturbed lands in the arid area, 
increased population and associated wastewater discharges, and increased road salt 
use.  Alberta is investigating basins with similar characteristics elsewhere.  
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1. Background 

The Prairie Provinces Water Board (PPWB), established under the Master Agreement 
on Apportionment, has been reporting on transboundary water quality at boundaries 
between Alberta, Saskatchewan and Manitoba since 1992.  Excursions are evaluated 
by comparing water quality levels to PPWB transboundary water quality objectives.  In 
2015, these objectives were reviewed and updated.  It was found that, among the sites 
monitored by the PPWB, the Red Deer River (near Bindloss) had the lowest adherence 
rate to the new water quality objectives in 2015 and had the largest variance in 
adherence rates in the 13 years based on the new objectives.  Following an excursion 
management response process that was agreed upon by all participating parties, the 
Committee on Water Quality requested that Alberta compile and analyze available 
information on the Red Deer River and provide a regional response to the PPWB.   
 
The objectives of the report are to discuss the non-compliance to the water quality 
objectives, provide an evaluation of the issues, explore potential sources related to 
natural or anthropogenic causes, and identify information gaps.  Based on the report, 
the Committee will make a recommendation on whether further investigation is 
warranted.  This report is prepared with the available information from upstream 
monitoring sites for the suites of variables that exhibited excursions in 2015 and other 
parameters of concern (i.e., copper, cadmium, mercury). 
 

2. Basin Overview 

The Red Deer River originates in the Canadian Rocky Mountains in Banff National Park 
and flows through mountains, foothills, parklands and grasslands (Figure 1).  The River 
has a length of 724 km, a drainage area of 49,650 km2 and a mean discharge rate of 
about 70 m3/sec (RDRWA, 2008).  The underlying bedrock of the basin is formed 
predominately of Upper Cretaceous and Tertiary deposits (Campbell, 1977; Kerr and 
Cooke, 2017).  In the mid to lower reaches of the basin, the Red Deer River is flanked 
by the Alberta badlands for approximately 300 km from the town of Nevis to Atlee near 
the Alberta-Saskatchewan border (Campbell, 1970; Bryan and Campbell, 1980).   
Median annual precipitation across the basin is 393 mm but varies from more than 900 
mm in the Rockies to 270–400 mm in the grasslands (AMEC, 2009).  Land use in the 
basin is predominately agricultural with crops and pastures covering approximately 43% 
and 48% of the total basin area, respectively (RDRWA, 2008).  The entire basin has a 
population of approximately 270,000 people and only about 1% of the land area is 
classified as urban.  The largest urban centre in the basin is the city of Red Deer with a 
population of approximately 98,000 (Alberta Municipal Affairs, 2014; Kerr and Cooke, 
2017). Oil and gas activities are common in the basin.  
 



 

 

 

Figure 1. Red Deer River Basin and sampling locations  
 

The Red Deer River has one of the highest flow weighted suspended sediment 
concentrations in Canada (den Hartog and Ferguson, 1978) and variability in sediment 
flux in the Red Deer River is among the highest of rivers globally (Meybeck et al., 2003). 
Frequent non-compliance of surface water quality objectives in the Red Deer River has 
been common throughout its history.  In 1996, a report was written to investigate the 
causes of high excursion rates for copper, zinc, iron, lead and fecal coliforms in the Red 
Deer River (Anderson, A.-M., 1996).  In 2005, the largest decrease in adherence rate 
occurred (PPWB, 2006).  This decrease was mainly attributed to excursions of total 
metal objectives, and that all excursions were associated with 2-3 fold increases in 
suspended sediment concentrations associated with high discharge events.  Literature 
shows that total metal concentrations in the Red Deer River basin are generally at the 
upper range of values reported elsewhere (Kerr and Cooke, 2017).  Following the high 
levels of metal concentrations reported by Alberta Environment and Sustainable 
Resource Development in 2014, Alberta initiated an investigation on metal issues in the 
Red Deer River.  Samples were collected at 7 sites in the badlands area and 2 sites 
upstream. This report is prepared based on the data/results from the aforementioned 
investigation and the historical data collected at the mainstem Long Term River Network 
(LTRN) sites (Sundre, Red Deer/HWY2, Nevis, Morrin Bridge, D/S Drumheller, 
Dinosaur Provincial Park/near Jenner) and Bindloss, as shown in Figure 1. 
 

 

(RDR near Jenner) 

 



 

 

3. Non Compliances in 2015 and Historically 

The August 2015 water quality data provided by Environment and Climate Change 
Canada were revised for dissolved iron and dissolved manganese from 2210 to 252 
µg/L and from 67.3 to 7.74 µg/L, respectively (for the reason that dilution was not 
accounted for when initially reporting the values).  While the initial values exceeded their 
transboundary objectives, the updated levels do not.  Based on the updated data, the 
number of excursions in 2015 has decreased to a total of 24.5.  Excursion occurred for 
12 parameters, among which 9 excursions were from metals, 4 from bacteria, 8.5 from 
nutrients, 2 from TSS, and 1 from dissolved ions.  Although there is presently no water 
quality objective set for cadmium or copper and no monitoring at the boundary for 
mercury (only scattered data available in Alberta), Alberta also discusses the cause of 
high levels of these three metals in the Red Deer River.  In summary, this report covers 
the analysis of exceedance patterns for substances that repeatedly exceeded 
existing/proposed water quality objectives, including total arsenic, cadmium (proposed), 
copper (proposed), lead, mercury, selenium, silver and zinc, TSS, fecal coliforms, E. 
Coli, total dissolved solids, total nitrogen, total phosphorus and total dissolved 
phosphorus.   
 
The majority of 2015 excursions for the Red Deer River (17.5 of the 24.5 excursions) 
occurred in August and September when suspended sediment concentrations were 
high (Appendix A).  There were 15 metal, total suspended sediment and bacterial 
excursions in August and September.  Total Nitrogen and total phosphorus also had 
excursions in other months (e.g., March, November).  TDS and dissolved phosphorus 
didn’t exceed objectives in August or September.  To better understand the pattern of 
excursions historical data from the past 13 years were compared to their corresponding 
water quality objectives (Appendix B).  Results show that the majority of the excursions 
were observed in open water season for total arsenic (15/15), total cadmium (13/15), 
total copper (44/48), total lead (26/28), total selenium (6/6) , total silver (16/16), total 
zinc (24/26), TSS (16/16), fecal coliforms (22/24) and E. Coli (14/16), with most 
observed in spring and summer.   
 
TDS and Salinity 
TDS exceeded the transboundary objectives 4 times throughout the 13 years (Table 1), 
with 3 occurrences in December and once in May of 2010 (Figure B11).  Six dominating 
major ions are bicarbonate, sulphate, calcium, sodium, magnesium and chloride, 
accounting for 55%, 18%, 12%, 8%, 5% and 2% of the total weight of the these ions, 
respectively (Figure 2).  TDS and associated major ions measured on dates adjacent to 
those with excursions do not demonstrate a strong temporal pattern for those months 
(Table 1).  While flows were generally lower during months with TDS excursions, the 
short-term increase (relative to those in months preceding and following) suggest 
isolated occurrence.  The low proportions of chloride (main constituent of deicers) 
suggests that road salt were not the main driver of the excursions, rather a joint effect 
with other factors that might have led to the spikes of TDS over the years.  The 
excursions might be a result of the low flow and associated high groundwater input in 
these periods.  This is supported by the negative correlation between TDS and flow 



 

 

(Figure 3), with most of the excursions occurring in low flow conditions (e.g., three in 
December, one in January of 1982 over the record 1980-1982 and 1985-present).     
 

 
Figure 2. Average proportions of six major ions (based on concentration data collected 

between 2003 and 2016) 
 
Table 1. Total dissolved solids values in the years in which it exceeded its objective of 

500 mg/L (Red Deer River at Bindloss, between April 2003 and December 2016) 
Sample 

Date 
BICARBONATE 
(CALCD.) mg/L 

SULPHATE 
mg/L 

CALCIUM 
mg/L 

SODIUM 
mg/L 

MAGNESIUM 
mg/L 

CHLORIDE 
mg/L 

TDS (CALCD.) 
mg/L 

2007.10 241 70 54 30 22 9 312 

2007.11 272 75 60 35 23 11 350 

2007.12 421 (+149) 129 (+54) 89 (+29) 54 (+18) 35 (+12) 18 (+7) 540 (+191) 

2008.01 313 65 75 21 24 6 355 

2008.02 341 71 79 22 25 7 379 

2010.03 190 82 41 39 15 8 289 

2010.04 236 83 49 39 20 8 322 

2010.05 274 (+38) 236 (+153) 63 (+14) 108 (+69) 28 (+8) 17 (+9) 603 (+281) 

2010.06 208 151 49 64 18 8 415 

2010.07 184 79 39 43 14 7 286 

2015.10 211 84 51 29 21 7 298 

2015.11 238 105 56 43 23 12 359 

2015.12 363 (+126) 151 (+46) 83 (+28) 67 (+25) 35 (+12) 15 (+4) 538 (+179) 

2016.01 294 85 72 26 25 8 371 

2016.02 233 104 61 37 22 9 361 

2016.10 245 70 56 31 20 10 313 

2016.11 267 71 57 37 21 9 332 

2016.12 435 (+168) 145 (+74) 96 (+39) 72 (+36) 36 (+15) 16 (+7) 591 (+260) 

Note: italic values in brackets () are increased values compared to levels of the past month. 

BICARBONATE 
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55%
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Figure 3. Negative correlations of TDS with flow in the Red Deer River at Bindloss 

 
Although the latest flow-weighted trend analysis (PPWB, 2016) indicated significant 
increasing trends for TDS, chloride and sodium, the slopes are generally low (estimated 
rates of 5.1%, 12.7% and 2.9% in 10 years, respectively).  Time series analysis of the 
specific major ions at the three mainstem sites (Figure 4) show that their levels 
generally remained static over the 5 decades, with spikes occurring periodically.  The 
high levels of TDS were also observed in the 1970s.  The relatively stable level of the 
major ions may, however, hide the changes that occurred on the landscape throughout 
the varying levels of flow.  The flow-weighted Mann Kendal trend analysis may provide 
more discerning information in terms of identifying changes to the system.   
 
Larger variations in concentration of potassium, chloride, sodium, sulphate and TDS 
were generally observed at lower stream stations (e.g., near Bindloss) compared to 
those at upper stream stations (Red Deer).  The increase of chloride mainly occurred 
between Red Deer and Nevis Bridge, but the increase was smaller than those for 
sodium and sulphate. As the largest municipality in the basin, the City of Red Deer 
might contribute the largest amount of chloride in the reach.  Despite the increased 
variations, the levels of magnesium, calcium and bicarbonate remain similar from 
upstream to downstream.  The varying spatial patterns for the three groups of major 
ions (e.g., chloride vs. sulphate vs. calcium) imply that different factors along the 
reaches drive the changes in specific ions.   Kerr’s study (2017) concludes that 
increasing trends of dissolved ions in the Red Deer River are driven largely by climatic 
changes and soil processes, in which multiple land uses play an important role.  The 
Red Deer River basin is predominately located in semiarid climate region (particularly 
the eastern portion).  The Red Deer River basin contains naturally saline and sodic 
soils.  The dominant soluble salts within central and southern Alberta soils is Na2SO4 
(Pawluk and Bayrock 1969).  Agricultural activities such as irrigation have expanded in 
the region over recent decades (Alberta Agriculture and Rural Development, 2010).  
Land clearing and subsequent increases in groundwater recharge (i.e., dryland salinity) 
has led to the formation of salt seeps throughout the region (Greenlee et al. 1968; 
Wiebe et al. 2007).  Runoff over the disturbed lands in the semiarid area, as well as 
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increased population and associated wastewater discharges and increased road salt 
use, might jointly contribute to the increased levels of TDS.  Investigative efforts are 
undergoing in Alberta basins of similar characteristics (i.e., North Saskatchewan River 
basin). 
 

 

 

Figure 4. Time series of major ions at three mainstem sites of the Red Deer River 
 

Nutrients 

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

Near Bindloss 
Nevis Bridge 
Red Deer 

Near Bindloss 
Nevis Bridge 
Red Deer 



 

 

Total nitrogen exceeded the closed water (ice-cover) objective in March and the open-
water objective in August of 2015 (Figure B12).  Similarly, total phosphorus exceeded 
the upper-bound seasonal objectives in March and August as well (Figure B13).  In 
addition, the lower-bound seasonal objectives set for total phosphorus were exceeded 
in September and November (marginal), respectively.  Dissolved phosphorus exceeded 
the seasonal site-specific objectives 3.5 times, in March, April, May and January (lower-
bound objective), respectively (Figure B14).  These objectives were set based on 
background statistics, with the upper-bound objectives at 90th percentiles and the lower-
bound objectives at lowest 90th percentile value of the 10 year running (i.e., 90th 
percentile value for every 10 consecutive years of data) (PPWB, 2015).  Theoretically, 
there should be 10 percent of the observations above the site-specific upper-bound 
objective.  There is no readily calculated theoretical excursion rate for the lower-bound 
objective or the annual reported number of excursions (which is the average of the 
number of lower- and upper bound excursions).  For nutrients in 2015, there were more 
exceedances than expected.  Investigations on nutrient patterns are ongoing at the 
PPWB generally and for the Red Deer River basin specifically.   
 
 

4. Explanatory Analysis  

Given the fact that 71.4% of the excursions in 2015 occurred in August and September, 
the flow data in 2015 were first reviewed because flow is a frequent determinant of 
water quality parameters, notably many total metals.  As shown in Figure 5, the two 
water samples were taken on August 12 and September 9 during two different smaller 
peak flow events.  The peaking flow around August 12 appeared to be mainly 
contributed from catchment area between Red Deer and Drumheller, while the peaking 
flow around September 9 appeared to originate from catchment area upstream Red 
Deer. Although the discharge on August 12 wasn’t the greatest peak throughout the 
year, the concentrations on August 12th were greater than those for the rest of the year 
(including September 9th sample) for the ten substances.  Of note, TSS levels were 
elevated over 30 and 10 times in August and September compared to those in other 
open-water months, and appear to be related to the total metal increases observed in 
the two months.  
 
Generally, TSS correlates with discharge in humid or sub-humid climatic regions.  
However, such correlation is weak for arid and semiarid climatic regions where intense 
local convection storms over highly erodible areas close to the main channel produce 
major inputs of sediment without corresponding major increases in discharge. Red Deer 
River is just such a case where sediment input is not related or is poorly related to 
discharge (Campbell, 1977).  The western portion, particularly the mountain and 
foothills section that receives relatively higher precipitation, is in a humid (or sub-humid) 
climatic zone.  With about six per cent of the entire basin, the headwater area 
contributes almost 50 per cent of the total mean annual discharge.  In the southern and 
eastern portion of the basin a combination of the dry climate, its adverse effects on 
vegetation cover, and the highly erodible bedrock have produced extensive areas of 
badlands along the Red Deer River from Nevis to Atlee (near Bindloss) (Stelck, 1967).  
Within the arid zone, the badlands play a major role in the sediment–discharge 



 

 

relationship of the river.  They contribute massive amounts of sediment from a very 
small area of the basin (Campbell, 1970, 1973, 1974).  Rainfall of high intensity, which is 
usually the key factor in producing erosion and sediment yield, is not necessarily nor 
usually high in total amount in the dry climate there (Campbell, 1977).  Campbell’s 
(1977) study indicated that about 90 per cent of the sediments in the Red Deer River at 
Bindloss probably originate between Red Deer and Bindloss (that reach lined by 
badlands), and the badlands reach (with less than 2 per cent of the entire basin) has the 
potential to produce most of the TSS load.  The installation of the Dickson Dam 
upstream of the City of Red Deer in the mid 1980s had a marked effect in reducing 
sediment transport in the river upstream (Campbell, 1992), resulting in an even higher 
percentage of sediment being produced from the badlands area.  This analysis aligns 
with the discharge and sediment observations on August 12th and September 9th, where 
a relatively smaller discharge in August coincided with higher TSS observed at Bindloss 
due to its origin from the badlands between Red Deer and Drumheller. 
 

  
Figure 5.  Red Deer River Daily Flow for 2015 (near Red Deer, Drumheller, Bindloss) 

 
Compared to the elevated levels of total metals (i.e., As, Cd, Cu, Pb, Ag, Zn), as shown 
in Appendix B, dissolved metals concentrations remained low and relative stable in 
2015 and didn’t show large increases with the increased total metal levels in general.  It 
infers that the increase in total metals is a result of suspended sediment and that the 
metals have a low probability of being bio-available because they’re bound to sediment.   
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A correlation analysis was undertaken to analyze the relationships between TSS and 
the various variables of concern using post March 2003 data.  Laboratory methods for 
analysis of metals changed in 2003, which is why that period was selected.  Results in 
Table 2 show strong positive correlations between TSS and a number of total metals 
(i.e., arsenic, cadmium, chromium, copper, lead, silver and zinc) and total phosphorus.  
As illustrated in scatterplots in Appendix C, strong positive correlations with TSS exist 
for most of the total metal variables.  The strong correlations with TSS infer that these 
substances are likely from the same origins with TSS.  Kerr and Cooke’s (2017) study 
on total lead, copper, cadmium and mercury in suspended sediment in Red Deer River 
badlands reach also indicates that the elevated total metals levels in water are mostly 
associated with increased sediments instead of increased metal concentrations in 
sediment.  Figure 5 shows that the peak flow runoff during the two sampling events in 
August and September was mainly originated from the Red Deer-Drumheller area and 
upstream Red Deer area, respectively, indicating the possible origin areas for the 
elevated substances in the two months. 
 
Results in Table 2 also show positive correlations between TSS and dissolved 
phosphorus, total nitrogen, fecal coliforms, E.Coli and total selenium, to various extents.  
Some previous studies revealed similar positive correlations between TSS and bacteria 
(Busse et al., 2007; Irvine et al., 2002). Trend assessments by the PPWB (2016) show 
a decreasing trend (flow-weighted) for dissolved phosphorus and an increasing trend for 
total nitrogen.  Investigations are still ongoing by the PPWB to identify export hotspots 
for nutrients.   
 
TDS exhibits certain negative correlation with TSS.  As shown in Figure C14 in 
Appendix C, most TDS excursions occurred in low TSS water (typically in Dec.), and 
when they did in 2015 (Dec.) the flow was as low as 13 m3/s (below 10th percentile).  
This is expected to occur when flows are low and the low volume overland flow and 
groundwater inputs become more dominated sources of river flow.  In contrast, high 
TSS levels were usually associated with high-flow conditions, which resulted in low TDS 
levels due to dilution effect.  However, full range of TDS concentration (from low to high) 
were also observed at low TSS levels, indicating the complex impacts of multiple factors 
on TDS levels (e.g., water source at that time). 
 

Table 2. Correlation Analysis Results for Red Deer River at Bindloss 
Parameters Correlation coefficients 

with TSS (Spearman) 
p-values 

ARSENIC.TOTAL  0.926 <.0001 

CADMIUM.TOTAL  0.846 <.0001 

CHROMIUM.TOTAL  0.932 <.0001 

COPPER.TOTAL   0.968 <.0001 

LEAD.TOTAL  0.948 <.0001 

SELENIUM.TOTAL  0.448 <.0001 

SILVER.TOTAL  0.925 <.0001 

ZINC.TOTAL    0.924 <.0001 

FECAL COLIFORMS 0.655 <.0001 



 

 

E.COLI 0.714 <.0001 

NITROGEN.TOTAL 0.583 <.0001 

PHOSPHOROUS.TOTAL  0.963 <.0001 

PHOSPHOROUS.DISSOLVED  0.659 <.0001 

TDS -0.471 <.0001 

 
 

5. Spatial Variations 

Data from Alberta’s LTRN sites between 2003 and 2016 were reviewed to better 
understand upstream water quality conditions relative to those at the PPWB Bindloss 
location.  Results for total arsenic, cadmium, chromium, copper, lead, mercury, silver, 
zinc and TSS show similar spatial variations in the mainstem of the Red Deer River.  
Total arsenic levels at all the mainstem sites are generally greater in open-water season 
than those in the ice-cover season.  As shown in Figure D1 and D2, general increasing 
trends are illustrated spatially from the upstream site at Sundre to the downstream site 
near Jenner (Dinosaur Provincial Park), and remain at the same range at Bindloss in 
both seasons (with median value decreases slightly).  The maximum arsenic 
concentration of 15.9 µg/L was observed at the site near Jenner.  The greatest increase 
in arsenic concentrations between sites in the open-water season occurred between 
Morrin Bridge and Jenner.  In this reach several tributaries flow in the Red Deer River, 
including Threehills Creek, Kneehills Creek, Michichi Creek and Rosebud River.  The 
reach and its tributaries are well known for their high erosivity.       
 
Among the sites, total arsenic shows the greatest variance at Jenner site, followed by 
Bindloss, Morrin Bridge, Nevis Bridge, Red Deer (HWY2) and Sundre.  Similar order 
was also observed for the site in ice-cover season.  The variation in arsenic from 
Bindloss site is slightly smaller than that at Morrin Bridge, which may be attributed to the 
smaller number of samples taken at Bindloss.  Variance value for samples taken in ice-
cover season are generally over 1 magnitude lower than those in open-water season.  
Coincidently, the sites in badlands area (Morrin Bridge, Jenner, Bindloss) have shown 
greater variations than upstream sites in both open-water season and ice-cover 
seasons.  The large variations in the reach can be attributable to the susceptible nature 
of the adjacent sub-watersheds to environmental factors (e.g., rainfall, erosion).  As 
indicated in Kerr and Cooke’s (2017) study, due to its highly erosive nature, the Alberta 
badlands contribute >70% of the sediment load to the Red Deer River despite making 
up only a small proportion (≈2%) of the overall watershed area (Campbell, 1977).  
Average annual erosion rates within the Alberta badlands have been estimated to be 
approximately 4 mm yr-1 (Campbell, 1987). 
 
Selenium appears to demonstrate a seasonal pattern different from other metals (Figure 
D13, 14).  Greater concentrations were observed at the upstream Sundre site.  The 
decrease of the concentration downstream can be attributable to the dilution effect in 
Gleniffer Lake on the Red Deer River, given that total selenium exists mostly in the form 
of dissolved selenium.  Total selenium levels remain relative stable at the other 
downstream sites, with close variance levels.  The total selenium level doesn’t show 



 

 

significant increase or variation even in the badland reach, indicating main inputs from 
upstream catchment area rather than downstream subbasins.  
 
Similar spatial patterns are also illustrated for fecal coliforms, E.Coli and total 
phosphorus in open-water season (Figure D21, 23, 27), with elevated concentrations 
and large variances at Jenner and Bindloss sites.  Total phosphorus shows similar 
spatial trends with total metals in open-water season.  Total nitrogen levels appear be 
elevated at Nevis Bridge site in both seasons.  Relatively greater concentrations and 
variations of bacteria (fecal coliforms, E.Coli), total nitrogen, dissolved phosphorus and 
total phosphorus were observed at Nevis Bridge site than in other sites upstream under 
ice.  Major sources upstream the Nevis Bridge include major municipal (e.g., City of Red 
Deer), industrial discharges and agricultural non-point sources.  However, insufficient 
data are readily available to quantify the major causes.  TDS levels increase slightly 
from upstream to Morrin Bridge site, and elevate at Jenner and Bindloss in both 
seasons.  Variations remain similar levels from upstream to Morrin Bridge, and increase 
substantially at Jenner.   
 
 

6. Tributary impacts in August and September (2015) 

An attempt was undertaken to investigate the potential sources contributing to the high 
excursions at Bindloss in August and September of 2015, based on an available dataset 
for tributaries in the badland area in open-water season of 2015.  Assessments were 
focused on samples taken in August and September, spanning over the PPWB 
sampling events (August 12 and September 9) to provide more relevant reference.  
Alberta Environment and Parks sampled the mainstem on Aug 17 and Sep 21.  More 
frequent samples were taken for the tributaries and mainstem between Morrin Bridge 
and Drumheller (August 6, 13, September 10).   
 
Results show that total recoverable arsenic, lead, silver and zinc (functionally equivalent 
to PPWB’s total metal), and TSS and total phosphorus had similar spatial patterns 
around August 17 and September 21.  Taking total lead for example, two excursions of 
PPWB objective were observed in August and September at 45.4 and 17.4 µg/L, 
respectively.  Upstream data show that total recoverable lead concentrations in August 
remained low at Nevis and upstream and started increasing at Morrin Bridge (Figure 
E2).  Erosions at gullies and the banks become noticeable between Nevis and Morrin 
Bridge sites (Figure 6).  Elevated levels of total recoverable lead were observed in the 
tributaries and mainstem (D/S Drumheller, D/S Dinosaur Provincial Park near Jenner) 
downstream Morrin Bridge.  The greatest level was observed near Jenner in the 
mainstem, suggesting that largest loadings to the river mainstem were from the 
subbasins between D/S Drumheller and near Jenner.  The greatest level was observed 
at the mainstem site near Jenner among all sites on August 17.  Although much greater 
levels of total recoverable lead were observed on August 6, no mainstem data is 
available for the time to compare.  Similar pattern was observed in September but at 
lower levels at each site than in August.  Among the sites, greater levels were observed 
in the tributaries between Morrin Bridge and D/S Drumheller, with the greatest level 
observed at Michichi Creek.  The change of locations for the greatest levels implies the 



 

 

changes of the dominant contributing areas that led to the increase of total lead in the 
river mainstem.  In the former case, the dominant contribution was likely from the 
subbasins downstream D/S Drumheller, while in the latter case the dominant 
contribution was likely from the subbasins between Morrin Bridge and D/S Drumheller.   
 
It is important to note from Figure E2 that total recoverable lead levels at each site vary 
significantly in the two months.  A change of nearly ten folds could occur within one 
week (e.g., between August 6 and 13 of the year).  Given that no sample was taken in 
over 100 km of river between Jenner and Bindloss around August 13 (near PPWB 
sampling event on August 12) or September 10 (near PPWB sampling event on 
September 9), impacts from subbasins in between could not be assessed sufficiently. 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

Figure 6. Satellite image of the Red Deer River mainstem between Nevis and Morrin 
Bridge (no major tributary in between) 

 
It is also noted that the spatial distribution patterns for total lead are consistent with 
those for TSS (Figure E6).  Kerr and Cooke’s (2017) results of lead, copper, cadmium 
and mercury in suspended sediments show that metal concentrations associated with 
suspended sediment did not increase downstream of the badlands.  It suggests that the 
primary driver of the increased riverine metal concentrations observed downstream of 

Morrin 
Bridge 

Nevis 
Bridge 



 

 

the badlands are increases in sediment mass.  Within the badlands area, sediment 
fluxes to the Red Deer River are initiated primarily by intense but short lived convective 
rainstorms (Bryan and Campbell, 1980; Kerr and Cooke, 2017).  Surface crusts develop 
rapidly on shale slopes upon wetting. Surface sealing contributes to low infiltration rates 
which generate substantial overland runoff over the sparsely vegetated surface 
(Campbell, 1970). This in turn leads to significant erosion primarily via sheet-flow and 
rilling (Campbell, 1987).   
 
Although samples taken at the tributary sites were not analysed for total nitrogen, fecal 
coliforms or E.Coli, levels of the three variables elevated substantially from Morrin 
Bridge to D/S Dinosaur Park near Jenner in both August and September.  All these 
variables demonstrated large temporal variability, similar to the other substances (i.e., 
total metals, total phosphorus, TSS) discussed above.  Sometimes, levels of a 
substance may change over ten times even within one week.  The large temporal 
variability at these sites (mainstem or tributary) poses a challenge to source 
investigation.  
 
Total selenium appeared to be relative stable in the mainstem (except for a decrease 
between Sundre and HWY2 Bridge near Red Deer), despite the elevated levels of total 
selenium observed in the tributaries between Morrin Bridge and D/S Drumheller sites.  
As illustrated in Figure E3, levels of total selenium vary less significantly compared to 
those of other substances, especially in the river mainstem.  This can be attributable to 
the high portions of dissolved form in total selenium. 
 

7. Conclusions 

Among the excursions in 2015, most of them (17.5 in total metals, TSS, bacteria, total 
nitrogen and phosphorus) were observed in August and September and were attributed 
to the two runoff events in the Red Deer-Drumheller and upstream Red Deer areas, 
respectively.  For total nitrogen and total phosphorus, additional excursions were 
observed in other months as well.  Excursions for dissolved phosphorus and TDS were 
only found in the months other than August or September during the year.  Further 
comparisons using post 2003 data show repeated excursions for total metals, bacteria 
and TSS, most of which primarily occurred in open-water season.     
 
Compared to flow, TSS appears to be more directly related to the high number of 
excursions for total metals, bacteria and total phosphorus.  Total metal and total 
phosphorus levels were significantly elevated at the sites located in the badlands reach.  
Strong correlations are observed between total metal and TSS levels.  High sediment 
concentrations and highly variable sediment fluxes appear to be the direct cause for 
both the water quality objective exceedances and the high degree of variability in total 
metal concentrations.  Erosion of relatively unenriched soils from the related watersheds 
appears to contribute to the high levels of total metal concentrations.  Studies have 
shown that the arid/semiarid climatic condition lead to the highly uncertain summer TSS 
yield in the River and the weak correlations between discharge and TSS. 
 



 

 

Spatial patterns for total phosphorus and bacteria were generally similar to that of total 
metals in open water season.  Elevated levels of total nitrogen (in both seasons), and 
total and dissolved phosphorus (ice-cover season) were observed at Nevis Bridge site.  
Meanwhile, trend assessments by the PPWB (2016) showed a decreasing trend (flow-
weighted) for dissolved phosphorus and an increasing trend for total nitrogen.  
Investigations are still ongoing to identify hotspots for nutrients.   A targeted 
investigation on total nitrogen between Red Deer and Nevis Bridge may be needed if 
repeated excursions and the trend continue. 
 
Most major ions in the Red Deer River (potassium, chloride, sodium, sulphate and TDS) 
show increasing levels and variations from upstream to downstream.  TDS exceeded 
the objective multiple times over the past five decades, occurring mostly during low flow 
season.  Results indicate that the TDS spikes were mainly driven by flow and jointly 
impacted by other factors such as: runoff over the disturbed lands in the arid area, 
increased population and associated wastewater discharges, and increased road salt 
use.  Alberta is investigating basins with similar characteristics elsewhere.  
 

8. Next Steps 

Water quality in the Red Deer River is largely influenced by the hydrology in this semi-
arid watershed.  For example,  the elevated levels and increased variations in total 
metals, TSS and some of the major ions (e.g., sulphate, sodium) in water that flows 
through the lower reach, suggest strong connections between water quality and the 
special hydrology/geomorphology conditions in the bad lands (e.g., highly erodible 
landscape, varying effective drainage area). Further investigation of the mainstem and 
tributary contributions to the TSS levels in the Red Deer River might help further explain 
these elevated TSS levels and subsequent total metals.  The lack of coordination in 
long-term monitoring of water quality and hydrology for the mainstem and tributaries of 
the Red Deer River posed challenges in further delineating the spatial and temporal 
contributions associated with the excursions.   
 
In response, during the investigation of this report a five-year provincial water quality 
monitoring, evaluation and reporting plan for lotic systems (2016–2021) has been 
released by Alberta Environment and Parks to include five long-term monitoring stations 
on the mainstem and 17 stations on tributaries of the Red Deer River (Kerr and Cooke, 
2019).  Among the 17 tributary stations, 13 sites are monitored 12 times a year 
(January-December) and 4 are monitored 8 times a year (March-October) at monthly 
frequencies.  This sampling regime is generally coordinated with the frequency of 
discharge measurements at these sites, and may change in the future in response to 
water quality assessment findings.  This monitoring effort will help better understand the 
relative contribution of point versus non-point sources for the water quality parameters 
discussed in this report. 
 
The PPWB’s Committee on Water Quality’s previous contract work on the Red Deer 
River identified large numbers of non-effective drainage areas in the lower Red Deer 
River basin (Golders Associates, 2019).  However, the connectivity between the non-



 

 

effective drainage areas and the river system has not been adequately investigated.  
The dynamics between the changing effective drainage areas and the river water quality 
have barely been studied.  Further research is required to better understand the 
influence of the changing effective areas and their contributions to the water quality of 
the river. 
 

REFERENCES 

Alberta Agriculture and Rural Development. 2010. Alberta irrigation information: Facts 
and figures for the year 2009. Government of Alberta. 

Alberta Municipal Affairs. 2014. Municipal Affairs 2014 Population List. Government of 
Alberta, Edmonton, Alberta, Canada. 

AMEC. 2009. South Saskatchewan River Basin in Alberta: Water Supply Study, Alberta 
Agriculture and Rural Development. Lethbridge, Alberta, Canada. 

Anderson A.-M. 1996. An Analysis of Non-Compliance Patterns to Prairie Provinces 
Water Board Objectives in the Red Deer River at the Alberta/Saskatchewan 
Boundary. 

Aquality Environmental Consulting Ltd. 2009. Red Deer River State of the Watershed 
Report. Report Prepared for the Red Deer River Watershed Alliance. Red Deer, 
Alberta. http://www.rdrwa.ca/node/59. 

Busse, E.L., Parrish, B.K., Hollabaugh, C.L., and Harris, R.R. 2007. The Correlation of 
Fecal Coliform and Turbidity of the Little Tallapoosa River in the West Georgia 
Region. 2007 GSA Denver Annual Meeting.  

Bryan, R.B., Campbell, I.A. 1980. Sediment entrainment and transport during local 
rainstorms in the Steveville Badlands, Alberta. Catena 7(1):51-65.  

Campbell, I.A. 1970. Erosion rates in the Steveville Badlands, Alberta. Canadian 
Geographer, 14 (3):202-216.  

Campbell, I.A. 1973. Accelerated erosion in badland environments. In Fluvial Processes 
and Sedimentation (Proceedings of Hydrology Symposium no.9), pp. 18-25: Nat. 
Research Council of Canada. 

Campbell, I.A. 1974. Measurements of erosion on badlands surfaces. Z. 
Geomorphologie, Supplementband 21, Geomorphic Processes in Arid 
Environments (Proceedings of the Jerusalem-Elat Symposium), pp.123-137. 

Campbell, I.A. 1977. Stream discharge, suspended sediment and erosion rates in the 
Red Deer River basin, Alberta, Canada. International Association of Hydrological 
Sciences Publication 122, 244-259. 

Campbell, I.A. 1987. Badlands of Dinosaur Provincial Park, Alberta. Canadian 
Geographer 31 (1):82–87.  

Campbell, I.A. 1992. Spatial and temporal variations in erosion and sediment yield. 
Erosion and Sediment Transport Monitoring Programmes in River Basins 
(Proceedings of the Oslo Symposium, August 1992). IAHS Publ. no. 210, 1992. 

Golder Associates. 2019. Quantifying Non-Point and Point Nutrient Sources in the 
Carrot and Red Deer River Watersheds, Submitted to Prairie Provinces Water 
Board. 

Greenlee, G.M., Pawluk, S. and Bowser, W.E. 1968. Occurrence of soil salinity in the 
dry lands of southwestern Alberta. Can. J. Soil Sci. 48: 65-75.  

http://www.rdrwa.ca/node/59


 

 

den Hartog, G., Ferguson, H.L. 1978. Hydrologic Atlas of Canada, Plate 25: Suspended 
Sediment Concentrations. Fisheries and Environment Canada, Ottawa, Ontario, 
Canada. 

Irvine, K.N., Somogye, E.L. and Pettibone, G.W. 2002. Turbidity, suspended solids, and 
bacteria relationships in the Buffalo River Watershed. Middle States Geographer. 
35:42-51 

Kerr, J.G. and Cooke, C.A. 2017. Erosion of the Alberta badlands produces highly 
variable and elevated heavy metal concentrations in the Red Deer River, Alberta. 
Science of the Total Environment, 596-597: 427-436. 

Kerr, J.G. 2017. Multiple land use activities drive riverine salinization in a large, semi-
arid river basin in western Canada. Limnology and Oceanography, 62, 1331-1345. 

Kerr, J. G. and Cooke, C. A. 2019. A five-year provincial water quality monitoring, 
evaluation and reporting plan for lotic systems. Government of Alberta, Ministry of 
Environment and Parks. ISBN 978-1-4601-4136-6. Available at: 
open.alberta.ca/publications/9781460141366.  

Prairie Provinces Water Board (PPWB). 2006. Annual Report for the Year Ending 
March 31.  

Prairie Provinces Water Board (PPWB). 2015. Review of the 1992 Interprovincial Water 
Quality Objectives and Recommendations for Change. 

Prairie Provinces Water Board (PPWB). 2016. Long-Term Trends in Water Quality 
Parameters at Twelve Transboundary River Reaches. 

Red Deer River Watershed Alliance (RDRWA). 2009. Red Deer River State of the 
Watershed Report. 

Meybeck, M., Laroche, L., Dürr, H.H., Syvitski, J.P.M. 2003. Global variability of daily 
total suspended solids and their fluxes in rivers. Global Planet. Change 39 (1-2):65-
93.  

Pawluk, S., and Bayrock, L.A. 1969. Some characteristics and physical properties of 
Alberta tills, p. 72. Research Council of Alberta. 

Stelck, C.R.1967. The record of the rocks. In Alberta - A Natural History (edited by W.G. 
Hardy) pp. 21-51: Evergreen Press, Vancouver. 

Wiebe, B.H., Eilers, R.G., Eilers, W.D. and Brierley, J.A. 2007. Application of a risk 
indicator for assessing trends in dryland salinization risk on the Canadian Prairies. 
Can. J. Soil Sci. 87: 213-224.  

  



 

 

APPENDICES 

 
APPENDIX A. Excursion summary table for Red Deer River at Bindloss in 2015 
 
APPENDIX B. Comparison of time series data with PPWB transboundary water quality 

objectives (April 2003- December 2016) 
 
APPENDIX C. Scatter plots between total suspended sediments and parameters with 

excursions in the Red Deer River at Bindloss 
 
APPENDIX D. Spatial distribution of substances in the mainstem of the Red Deer River 

(April 2003-March 2016)  
 
APPENDIX E. Spatial distribution of substances in the upstream river and tributaries close 

to the two sampling events in August and September of 2015 



 

 

APPENDIX A. Excursion summary table for Red Deer River at Bindloss in 2015  

Note: A number in red indicates 1 excursion; a number in yellow is counted as 0.5 excursion which only exceeds the lower bound of a site-specific objective

Month 
ARSENIC 
TOTAL 

LEAD 
TOTAL 

SELENIUM 
TOTAL 

SILVER 
TOTAL 

ZINC 
TOTAL 

TSS 
COLIFORMS 

FECAL 
E. COLI 

TDS 
(CAL.) 

NITROGEN 
TOTAL (CAL.) 

P. TOTAL P. DISS’D 

µg/L µg/L µg/L µg/L µg/L mg/L NO/100mL NO/100mL mg/L mg/L mg/L mg/L 

January 0.71 0.23 0.43 0.003 3.5 8 13 17 498.0 0.73 0.021 0.011 

February 0.49 0.21 0.42 0.003 1.8 8 4 4 383.6 0.69 0.019 0.006 

March 0.93 0.73 0.44 0.009 4 22 L10 19 311.4 1.04 0.143 0.085 

April 1.76 1.74 0.35 0.021 9.1 126 L10 L10 327.8 1.78 0.188 0.04 

May 1.01 0.46 0.44 0.006 2.7 112 L10 13 438.3 1.47 0.232 0.052 

June 1.1 0.51 0.33 0.006 3.5 37 19 7 392.2 0.44 0.086 0.01 

July 1.23 0.91 0.33 0.012 4.8 66 7 7 314.2 0.54 0.080 0.006 

August 7.41 45.4 (3.99) 1.07 0.37 200 3270 2262 1816 295.8 3.21 0.988 0.011 

September 5.57 17.4 (6.19) 0.64 0.135 81.1 1010 750 831 298.3 1.34 0.467 0.014 

October 1.01 1.24 0.32 0.012 6.3 76 6 L10 298.4 0.31 0.070 0.003 

November 0.59 0.32 0.28 0.005 1.8 17 12 29 359.2 0.26 0.039 0.006 

December 0.72 0.19 0.44 0.002 1.6 8 L2 L2 538.0 0.55 0.025 0.005 

Objective (Close) 
5 CAL. 1 0.1 30 30,  832.6 100 200 500 

0.86 0.035, 0.069 0.008, 0.024 

Objective (Open) 2.32 0.315, 0.563 0.023, 0.035 

Statistical data (based on historical data between April 2003 and December 2016) 

min 0.31 0.007 0.03 0.001 0.03 1.8 1 1 147.6 0.26 0.007 0.001 

25p 0.70 0.26 0.28 0.003 2.1 17 5 5 265.8 0.47 0.031 0.005 

median 1.01 0.73 0.34 0.011 4.6 58 18 19 312.4 0.74 0.07 0.008 

75p 2.00 3.02 0.44 0.032 14.3 209 77 68 369.5 1.07 0.184 0.017 

90P 4.01 11.44 0.60 0.095 51.0 787 721 444 413.4 2.68 0.559 0.041 

max 21.80 60.10 2.02 0.674 274 5410 5834 5067 602.9 16.49 1.850 0.085 

Stand Dev 2.72 8.85 0.25 0.090 42.3 764 808 573 77.2 1.78 0.281 0.017 

C. o Vari. 1.38 2.22 0.62 2.2 2.12 2.4 3 3 0.24 1.42 1.536 1.135 

COUNTs 165 165 165 165 165 165 115 114 135 155 165 165 



 

 

APPENDIX B. Comparison of time series data with PPWB transboundary water 
quality objectives (April 2003- December 2016) 

 
Figure B1. Comparison of arsenic levels with transboundary water quality objective 

 
Figure B2. Comparison of total cadmium levels with transboundary water quality 

objectives (under review) 
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Figure B3. Comparison of total copper levels with transboundary water quality 

objectives 
 

 
Figure B4. Comparison of total lead levels with transboundary water quality objectives 
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Figure B5. Comparison of total selenium levels with transboundary water quality 

objectives 
 

 
Figure B6. Comparison of total silver levels with transboundary water quality objectives 
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Figure B7. Comparison of total zinc levels with transboundary water quality objectives 

 
 

 
Figure B8. Comparison of TSS levels with transboundary water quality objectives 
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Figure B9. Comparison of fecal coliforms levels with transboundary water quality 

objectives 
 

 
Figure B10. Comparison of E.Coli levels with transboundary water quality objectives 
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Figure B11. Comparison of TDS levels with transboundary water quality objectives 

 

 
Figure B12. Comparison of total nitrogen levels with transboundary water quality 

objectives that consist of two levels in Open Water and Ice Cover seasons 
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Figure B13. Comparison of total phosphorus levels with transboundary water quality 

objectives that consist of two levels in Open Water and Ice Cover seasons 

 
Figure B14. Comparison of total dissolved phosphorus levels with transboundary water 

quality objectives that consist of two levels in Open Water and Ice Cover seasons 
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APPENDIX C. Scatter plots between total suspended sediments and parameters 
with excursions in the Red Deer River at Bindloss 

 
Figure C1. Scatter plot between TSS and total arsenic in the Red Deer River at Bindloss 

  
Figure C2 Scatter plot between TSS and total cadmium in the Red Deer River at 

Bindloss 
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Figure C3. Scatter plot between TSS and total chromium in the Red Deer River at 

Bindloss 

 
Figure C4. Scatter plots between TSS and total copper in the Red Deer River at 

Bindloss 
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Figure C5. Scatter plot between TSS and total lead in the Red Deer River at Bindloss 

 

 
Figure C6. Scatter plot between TSS and total selenium in the Red Deer River at 

Bindloss 
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Figure C7. Scatter plot between TSS and total silver in the Red Deer River at Bindloss 

 

 
Figure C8. Scatter plot between TSS and total zinc in the Red Deer River at Bindloss 
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Figure C9. Scatter plot between TSS and fecal coliforms in the Red Deer River at 

Bindloss 
  

 
Figure C10. Scatter plot between TSS and E.Coli in the Red Deer River at Bindloss 
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Figure C11. Scatter plot between TSS and total nitrogen in the Red Deer River at 

Bindloss 
 

 
Figure C12. Scatter plot between TSS and total dissolved phosphorus in the Red Deer 

River at Bindloss 
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Figure C13. Scatter plot between TSS and total phosphorus in the Red Deer River at 
Bindloss 

 

 
Figure C14. Scatter plot between TSS and TDS in the Red Deer River at Bindloss  

0.001

0.01

0.1

1

10

1 10 100 1000 10000
To

ta
l P

h
o

sp
h

o
ru

s 
(m

g/
L)

TSS (mg/L)

PHOSPHORUS TOTAL

TRANSBOUNDARY OBJECTIVE (UPPER BOUND)

TRANSBOUNDARY OBJECTIVE (LOWER BOUND)

100

1000

1 10 100 1000 10000

To
ta

l D
is

so
lv

ed
 S

o
lid

s 
(m

g/
L)

TSS (mg/L)

TOTAL DISSOLVED SOLIDS (CALCD.)

TRANSBOUNDARY OBJECTIVE



 

 

APPENDIX D. Spatial distribution of substances in the mainstem of the Red Deer 
River (April 2003-March 2016) 

 
Figure D1. Spatial distribution of total recoverable arsenic in the mainstem of the Red 

Deer River in open water season (April-October) 
 

 
Figure D2. Spatial distribution of total recoverable arsenic in the mainstem of the Red 

Deer River in ice cover season (November-March) 



 

 

 
Figure D3. Spatial distribution of total recoverable cadmium in the mainstem of the Red 

Deer River in open water season (April-October) 
 

 
Figure D4. Spatial distribution of total recoverable cadmium in the mainstem of the Red 

Deer River in ice cover season (November-March) 



 

 

 
Figure D5. Spatial distribution of total recoverable chromium in the mainstem of the Red 

Deer River in open water season (April-October) 
 

 
Figure D6. Spatial distribution of total recoverable chromium in the mainstem of the Red 

Deer River in ice cover season (November-March) 



 

 

 
Figure D7. Spatial distribution of total recoverable copper in the mainstem of the Red 

Deer River in open water season (April-October) 
 

 
Figure D8. Spatial distribution of total recoverable copper in the mainstem of the Red 

Deer River in ice cover season (November-March) 



 

 

 
Figure D9. Spatial distribution of total recoverable lead in the mainstem of the Red Deer 

River in open water season (April-October) 
 

 
Figure D10. Spatial distribution of total recoverable lead in the mainstem of the Red 

Deer River in ice cover season (November-March) 



 

 

 
Figure D11. Spatial distribution of total mercury in the mainstem of the Red Deer River 

in open water season (April-October) 
 

 
Figure D12. Spatial distribution of total mercury in the mainstem of the Red Deer River 

in ice cover season (November-March) 



 

 

 
Figure D13. Spatial distribution of total recoverable selenium in the mainstem of the Red 

Deer River in open water season (April-October) 
 

 
Figure D14. Spatial distribution of total recoverable selenium in the mainstem of the Red 

Deer River in ice cover season (November-March) 



 

 

 
Figure D15. Spatial distribution of total recoverable silver in the mainstem of the Red 

Deer River in open water season (April-October) 
 

 
Figure D16. Spatial distribution of total recoverable silver in the mainstem of the Red 

Deer River in ice cover season (November-March) 



 

 

 
Figure D17. Spatial distribution of total recoverable zinc in the mainstem of the Red 

Deer River in open water season (April-October) 
 

 
Figure D18. Spatial distribution of total recoverable zinc in the mainstem of the Red 

Deer River in ice cover season (November-March) 



 

 

 
Figure D19. Spatial distribution of TSS in the mainstem of the Red Deer River in open 

water season (April-October) 
 

 
Figure D20. Spatial distribution of TSS in the mainstem of the Red Deer River in ice 

cover season (November-March) 



 

 

 
Figure D21. Spatial distribution of fecal coliforms in the mainstem of the Red Deer River 

in open water season (April-October) 
 

 
Figure D22. Spatial distribution of fecal coliforms in the mainstem of the Red Deer River 

in ice cover season (November-March) 



 

 

 
Figure D23. Spatial distribution of E.Coli in the mainstem of the Red Deer River in open 

water season (April-October) 
 

 
Figure D24. Spatial distribution of E.Coli in the mainstem of the Red Deer River in ice 

cover season (November-March) 



 

 

 
Figure D25. Spatial distribution of total nitrogen in the mainstem of the Red Deer River 

in open water season (April-October) 
 

 
Figure D26. Spatial distribution of total nitrogen in the mainstem of the Red Deer River 

in ice cover season (November-March) 



 

 

 
Figure D27. Spatial distribution of total phosphorus in the mainstem of the Red Deer 

River in open water season (April-October) 
 

 
Figure D28. Spatial distribution of total phosphorus in the mainstem of the Red Deer 

River in ice cover season (November-March) 



 

 

 
 

 
Figure D29. Spatial distribution of total dissolved phosphorus in the mainstem of the 

Red Deer River in ice cover season (November-March) 
 
 
 

 
Figure D30. Spatial distribution of total dissolved phosphorus in the mainstem of the 

Red Deer River in ice cover season (November-March) 



 

 

 
Figure D31. Spatial distribution of TDS in the mainstem of the Red Deer River in open 

water season (April-October) 
 

 
Figure D32. Spatial distribution of TDS in the mainstem of the Red Deer River in ice 

cover season (November-March) 



 

 

APPENDIX E. Spatial distribution of substances in the upstream river and tributaries close to the two sampling 
events in August and September of 2015 

 
Figure E1. Spatial distribution of total recoverable arsenic in the Red Deer River and some tributaries close to the 

two sampling events in August and September of 2015 
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Figure E2. Spatial distribution of total recoverable lead in the Red Deer River and some tributaries close to the two 

sampling events in August and September of 2015 
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Figure E3. Spatial distribution of total recoverable selenium in the Red Deer River and some tributaries close to the 

two sampling events in August and September of 2015 
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Figure E4. Spatial distribution of total recoverable silver in the Red Deer River and some tributaries close to the two 

sampling events in August and September of 2015 
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Figure E5. Spatial distribution of total recoverable zinc in the Red Deer River and some tributaries close to the two 

sampling events in August and September of 2015 
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Figure E6. Spatial distribution of TSS in the Red Deer River and some tributaries close to the two sampling events 

in August and September of 2015 
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Figure E7. Spatial distribution of total nitrogen in the Red Deer River and some tributaries close to the two sampling 

events in August and September of 2015 
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Figure E8. Spatial distribution of total phosphorus in the Red Deer River and some tributaries close to the two 

sampling events in August and September of 2015 
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Figure E9. Spatial distribution of fecal coliforms in the Red Deer River and some tributaries close to the two 

sampling events in August and September of 2015 
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Figure E10. Spatial distribution of E.Coli in the Red Deer River and some tributaries close to the two sampling 

events in August and September of 2015 
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