APPENDIX A8: ACID SENSITIVE LAKES

A8.1

RATIONALE AND OBJECTIVES.

The rationale and objectives of the acid sensitive lakes (ASL) program are
derived from the Regional Sustainable Development Strategy (RSDS) for the
Athabasca Oil Sands promulgated by Alberta Environment (AENV 1999). As
one of its principles, the RSDS identified the importance of protecting the quality
of water, air and land within the Oil Sands Region. The effects of acid deposition
on sensitive receptors were identified in the RSDS as a regional issue or theme.
Actions taken to address this issue were designed to support the goal of
conserving acid-sensitive soils, rivers, lakes, wetlands and associated vegetation
complexes under the cumulative impacts of deposition of acidifying materials.
The RSDS called for the collection of information on this issue through the
continued, long-term monitoring of regional receptors of acidifying emissions
under TEEM (Terrestrial Environmental Effects Monitoring Committee) for
terrestrial receptors and RAMP for aquatic receptors.

Consistent with the goals of the strategy for the Athabasca Oil Sands, the acid
sensitive lake program (ASL) under RAMP was initiated in 1999 to conduct
annual monitoring of water chemistry in regional lakes to determine the long
term effects of acid deposition on these lakes and their catchment basins. The
lakes were to be monitored for various chemical and biological parameters that
would be capable of indicating long-term trends in acidification. These included:
ph, total alkalinity, gran alkalinity (acid neutralizing capacity), base cations,
sulphate, chloride, nitrates, dissolved organic carbon, dissolved inorganic carbon
and chlorophyll. The ASL program contained the following features:

1. The locations of the lakes were selected to represent a gradient in acid
deposition from both current and anticipated Oil Sands developments;

2. For scientific validity, the lake selection included reference lakes in the
Caribou Mountains and Canadian Shield that were distant from the
sources of acidifying emissions;

3. Certain regional lakes, which have been the subject of long-term
monitoring by AENV, were included to maintain the continuity of their
data and additional information on potential trends;

4. The lakes selected for monitoring were to exhibit moderate to high
sensitivity to acidification as defined by a total alkalinity less than 400
ueq/L;
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A8.3

5. A fall sampling program was implemented to capture a picture of lake
water chemistry after conditions have stabilized; and,

6. Inrecent surveys (2002 and 2003), small water bodies (ponds), previously
ignored, were included in the program because of their proximity to Oil
Sands developments and belief that they might be low in alkalinity and
hence highly sensitive to acid deposition.

SCOPE OF THE ASL COMPONENT IN 2003

In the 2003 ASL program, a total of 50 lakes and ponds were sampled by fixed
wing aircraft and helicopter in late August and early September. These lakes
included:

* 40 lakes and ponds in the Oil Sands Region, itself; and,

= 5 Jakes in the Caribou Mountains and 5 lakes in the Canadian Shield to
serve as reference lakes.

The sampling program was essentially unchanged from the 2002 program except
for the inclusion of one additional lake (Kearl Lake). The water samples from
each lake were analyzed for 28 parameters relevant to the acidification process.

DATA ANALYSIS

This year’s analyses of the RAMP monitoring data had a different emphasis than
the analyses in previous years. The addition of Gran Alkalinity and dissolved
inorganic carbon (DIC) as monitoring parameters in 2002 and 2003 permitted the
determination of the effects of organic acids on the acid-base status of these lakes.
The RAMP lakes are generally highly coloured with high contents of dissolved
organic carbon (DOC). It has always been known that organic acids play a
significant role in the acid-base dynamics of these lakes but this role was poorly
defined. Using techniques and calculations derived from the international
literature on humic materials in lakes, it was possible to answer a number of
questions concerning the role of these organic acids in these lakes. These
questions included:

1. The concentrations of free dissociated organic acids in each lake;

2. The amount of buffering or acid neutralizing capacity (ANC) attributable
to weak organic acids, and

3. The role of strong organic acids in lowering the acid neutralizing
capacity of these lakes.
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Publication of the lake sensitivity mapping report on 460 regional lakes to the
NOx-SOx Management Working Group (NSMWG) allowed the comparison of
the water chemistry of the RAMP lakes to the general chemistry of lakes in the
Oil Sands Region. The chemical characteristics of the RAMP lakes could
therefore be discussed within a regional context.

Critical loads of acidity were calculated for each lake to be compared with levels
of modeled Potential Acidic Input (PAI). The critical load, in units of keq
H+/ha/y, is defined as the highest load of acid deposition that will not cause
long-term changes in lake chemistry and biology. The PAl is defined as the sum
of the wet and dry deposition of sulphur and nitrogen oxides minus the wet and
dry deposition of base cations. Exceedances of the critical load by the PAI in a
lake imply a potential for acidification. The assumptions inherent in the use of
critical loads were discussed.

Two ratios were calculated that have been used in the literature (and in previous
RAMP reports) to indicate the current degree of acidification of freshwater lakes.
These included the ratio of alkalinity to [calcium + magnesium] and the ratio of
sulphate to base cations. The relevance of these ratios to the RAMP lakes was
investigated in light of the role of organic acids in these lakes and their distinct
chemistry.

Trends in chemical parameters including alkalinity, sum of the base cations,
sulphate and nutrients were examined over the five monitoring years of the
program and longer periods for lakes having more extensive data.

LONG-TERM MONITORING PLANS

The long-term 10 year plans outlined in RAMP Program and Rationale document
(Golder 2002) call for the continued monitoring of the lakes within the Oil Sands
Region for the routine water quality parameters. Additional monitoring issues
that were presented at the March 03, 2003 technical meeting are listed below.
These issues may induce changes in the ASL program although some may be
addressed by other organizations such as CONRAD or CEMA.

* The seasonality in water quality parameters including acid neutralizing
capacity (ANC). This would answer the question as to whether we are
sampling at the most appropriate time in the year;

* What are the first signals of acid status change? Are we measuring these
early warning signs?

* The stability of lake chemistry including ANC between years;

* What are the implications of changes in ANC to regional lakes?
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A8.6

A8.6.1

* What are the biotic signals related to changes in ANGC;
* What are the buffering mechanisms for humic lakes; and,

* What is the contribution of spring pulses in acidity to the slower process
of chronic acidification.

OVERVIEW OF THE 2003 PROGRAM

The 2003 ASL program consisted of the sampling of 50 lakes and ponds in the Oil
Sands Region during late August and early September and analyses of the water
quality data. The analyses of the water quality data were more detailed in 2003
than in previous years and included:

1. Comparisons of the chemical characteristics of the RAMP lakes to the
general characteristics of lakes within the Oil Sands Region;

2. Calculations of organic anion concentrations and charge densities of
dissolved organic materials in each lake;

3. The analysis of the contribution of strong acid anions to the acid-base
status in each lake;

4. Analysis of the degree of buffering attributable to weak organic anions in
each lake;

5. Calculations of critical loads of acidity for each lake and comparison with
modeled PAI;

6. Calculations and evaluation of ion ratios that are frequently used to
indicate acidification in lakes, and

7. Analysis of Potential trends in water quality parameters.

METHODS

Station Locations

The date of lake sampling, the latitude and longitude of each lake and the tertiary
watershed in which each lake was found are presented in Table A8.1. The
unique ID number is that ascribed to this lake by the NSMWG lake sensitivity
mapping program (WRS 2004). The locations of each lake relative the major Oil
Sands developments are indicated in Figure A8.1.
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Table A8.1 Name, Location and Date of Sampling of Lakes in 2003 for the Acid
Sensitive Lake Program.

Lake Identification Latitude Longitude Salr:)na|at£ng
U|1"i;1|ue Name Tertiary Wshd. dec. deg. dec. deg. m/d 00:00
168 A21 7CE 56.2667 111.2583 08/25 18:30
169 A24 7CE 56.2167 111.2500 08/25 18:16
170 A26 7CE 56.2153 111.1869 08/25 17:32
167 A29 7CE 56.1667 111.5417 08/25 13:48
165 A42 7CC 56.3500 113.1833 08/27 12:40
171 A47 7CC 56.2440 113.1410 08/27 13:30
172 A59 7PA 55.9083 112.8667 08/27 11:45
166 A86 7CE 55.6833 111.8250 08/25 12:05
473 A301 59.1760 110.5600 08/29 14:45
268 E15 56.8917 110.9000 08/31 16:00
146 E52/ Fleming 7JF 58.7708 115.4342 08/28 11:05
152 Fslsfrﬁ EOC"V 0 59.1350 115.1336 08/28 12:20
89 E68 7PA 59.1905 115.4490 08/28 13:00
452 L4 57.1519 110.8514 08/31 14:15
470 L7 57.0903 110.7519 08/31 15:15
471 L8 57.0458 110.5975 08/30 16:58
436 L18/Namur 57.4444 112.6211 08/26 9:55
442 L23/Otasan 57.7072 112.3875 08/26 13:45
444 L25/Legend 57.4122 112.9336 08/26 11:13
447 L28 57.8556 112.9717 08/26 16:45
448 L29/Clayton TKE/TKF 58.0572 112.2761 08/26 17:30
400 L39/E9 57.9600 110.3969 08/30 14:34
454 L46/Bayard 57.7725 112.3964 08/26 15:00
455 L47 57.6894 112.7361 08/26 12:10
457 L49 57.7600 112.5967 08/26 12:45
464 L60 57.6533 112.6142 08/26 15:50
118 L107/Weekes 7MD 59.7219 110.0158 08/29 9:45
84 L109/Fletcher 7NA 59.1206 110.8197 08/29 15:50
9 O-1/E55 7PC 59.2378 114.5200 08/28 14:40
97 0O-2/E67 7PA 59.3108 115.3589 08/28 13:40
88 0-10 7NA 59.1436 110.6847 08/29 16:35
90 R1 7NA 59.1985 110.6868 08/29 13:46
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Table A8.1 (cont’d).

Lake Identification Latitude Longitude Sagaptlgng

Ur:li)qlue Name Tertiary Wshd. dec. deg. dec. deg. m/d 00:00
209 P7 7DC 57.2320 110.7450 09/01 11:45
175 P13 7DA 57.3140 112.3950 09/01 14:05
182 P23 7DA 57.2630 110.8510 09/01 10:45
185 P27 7DA 57.1470 110.8630 09/01 10:00
199 P49 7DA 57.6940 111.9060 09/01 13:40
223 P94 7BD 57.1460 111.9820 09/01 14:45
225 P96 7BD 56.8000 111.9170 09/01 15:20
226 P97 7DA 56.8100 111.7210 09/01 16:00
227 P98 7CC 56.7830 111.7890 09/01 16:15
267 1 56.7583 111.9500 08/27 10:00
270 4 56.7667 110.9000 08/31 17:18
271 6 56.6417 110.2000 08/27 15:38
287 25 56.2083 111.2000 08/25 16:45
289 27 56.2000 111.3667 08/25 11:31
290 28 56.1750 111.2083 08/25 13:48
342 82 55.7917 111.8250 08/25 11:25
354 94 55.7583 110.7500 08/25 10:20
418° Kearle? 57.291667 111.23333 08/31 14:40

' Unique identification number derived from the Lake Sensitivity Mapping Program conducted by NSMWG
(WRS 2003).

2 First time sampling in ASL program
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Figure 8.1 Locations of Lakes Sampled under the RAMP Acid-Sensitive Lake Component, 2003.
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A8.6.2 Field Methods

AENYV provided the sampling equipment and logistical support. A float plane
was used to access the majority of study lakes while a helicopter with floats was
used to access the smaller lakes.

Water samples were collected from the euphotic zone at a single deep-water site
in each major basin of each lake using weighted Tygon tubing and were then
combined to form a single composite sample for chemical analysis. When the
euphotic zone extended to the lake bottom, sampling was restricted to depths
greater than 1 m above the lake bottom. In shallow lakes (< 3 m deep), composite
samples were created from five to ten - one litre grab samples collected at 0.5 m
depth along a transect dictated by wind direction (upwind to downwind shore).

The euphotic zone was defined as twice the Secchi disk depth. In previous years,
1% light penetration was determined with a LiCor quantum sensor and found to
correlate reasonably well with twice the Secchi depth. Vertical profiles of
dissolved oxygen, temperature, conductivity and pH were measured at the
deepest location using a field-calibrated water quality meter. Secchi depth was
also recorded. Samples for chemical analysis were stored on ice and were
shipped to the Limnology Laboratory, University of Alberta, Edmonton, within
48 hours of collection.

Subsamples of 150 mL volume were taken from the euphotic zone composite
samples for phytoplankton taxonomy. These samples were preserved using
Lugol’s solution. One or two replicate zooplankton samples were also collected
in each lake as vertical hauls through the euphotic zone, using a #20 mesh
(63 um), conical plankton net. Zooplankton samples were preserved in
approximately 5% formalin after anaesthetizing in club soda. Plankton samples
are being stored at AENV.
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The water quality samples were analyzed for the following parameters:

* pH * Gran alkalinity * ammonia
* turbidity * bicarbonate * nitrite + nitrate
= colour * Gran bicarbonate * total Kjeldahl
nitrogen (TKN)
* total suspended * chloride
solids (TSS) * total nitrogen
* sulphate (TN)
= total dissolved
solids (TDS) = calcium * total phosphorus
: (TP)
= dissolved organic ® potassium
carbon (DOC) . * total dissolved
" sodium phosphorus
= dissolved ‘ (TDP)
inorganic carbon ® Mmagnesium
(DIC) . » chlorophyll a
* jron

* conductivity .

= silicon

» total alkalinity
(fixed point
titration to pH
4.5)

= total dissolved
nitrogen (TDN)

All samples were also analyzed for a suite of 29 metals and trace elements at
ARC Vegreville. This analysis was requested and funded by AENV. As part of
the QA /QC program, one blind field blank was collected using deionized water
from the Limnology Laboratory, University of Alberta. Split samples were
additionally assessed by the University of Alberta lab. Quality control samples
were analyzed for all parameters listed above.

A8.6.3 Details of Data Analyses

A8.6.3.1Comparison of the Chemistry of the RAMP Lakes to Regional Lake
Chemistry

The water quality data from the 2003 field program were tabulated for each lake.
The chemical characteristics of the lakes were compared to those of 460 regional
lakes as reported in the NSMWG lake sensitivity mapping study (WRS 2004).
The NSMWG report included historical data for each lake from the following
field surveys:
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* Erikson’s survey of Alberta Lakes conducted in 1983-1987 (Erikson 1987);
* GSaffran and Trew’s survey of 109 lakes in 1995 (Saffran and Trew 1996);
* Preston McEachern’s study of the Caribou Lakes in 1997 (WRS 2003);

* Water quality surveys conducted by Alberta-Pacific Forest Industries in
1998 and 1999 (WRS 2003);

* A pond water survey conducted for the NSMWG (WRS 2003); and ,
* Previous RAMP surveys.

The chemistry of the RAMP lakes was thereby put into a regional context.

A8.6.3.2Determination of Organic Acid Concentrations
Method of Anion Deficit

Weak organic acid concentrations were calculated by two methods: anion deficit
and a calibration of the organic acid dissociation equations of Oliver et al. (1983).
The anion deficit method is based on the principle of electroneutrality in which
the charges on cations and anions in any solution must be balanced. In coloured
waters, a fraction of the inorganic cations are balanced by organic anions, the
products of dissociated organic acids. By subtracting the inorganic anions from
the cations the anionic deficit can be used as an estimate of the concentration of
dissociated organic anion A-:

[A1= 2[Ca™]+2[Mg™]+[Na'] +[K']+ [K'] + [NH4"]+ 3[AI3] + [H']

- 2[S04*] - [CI] - [NO3] - [F] = [HCOs] - 2 [COx]

where all ions are expressed in peq/L. The charge density is expressed as the
organic anion concentration divided by the DOC in units of peq A- /mg C and
represents the number of dissociated carboxyl groups per mg of DOC at the pH
of the sample.

The determination of A- by anionic deficit requires an estimate of bicarbonate
concentrations. These are not the bicarbonate concentrations generally reported
by the laboratories but must be calculated by equilibrium relationships and DIC
measurements. The bicarbonate normally quoted by the laboratory is really the
titration bicarbonate and is in error in humic lakes because weak organic anions
(and aluminum) are titrated at the same time as the bicarbonate. The titration
bicarbonate, then overestimates the real bicarbonate concentration.

Bicarbonate was determined from ionization fractions (a) representing the
fractions of the bicarbonate, carbonate and carbonic acid species in solution:
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A Hcos = ([HVK: +1 + Ko/[H'])"
acos = ([HT/KiKz + [HYKy+ 1)
a hacos = (1+Ki[H]+ KKy [HT)

Kiand K; are constants (pKi = 6.464 and pK> = 10.49). The constants were taken
from Stumm and Morgan (1981) for a water at temperature of 10 °C and low ionic
strength.

Method of Oliver et al. (1983)

The model of Oliver et al. (1983) is based on the single mass action coefficient
model of organic acid dissociation proposed by Perdue et al. (1980). In the Oliver
et al. (1983) model, concentrations of dissociated organic ions at a given pH are
estimated from the equilibrium equation:

[A1=KI[Cil/ (K+H")

where K is a mass action quotient and Cr is the total concentration of acidic
functional groups (total acidity) determined from base titrations of purified
humic and fulvic acids to pH 7-8. Cris a function of DOC expressed as:

Cr=m [DOC]

where m is the number of equivalents of carboxyl units per mg of DOC or the
carboxyl content.

The dissociation behaviour of purified humic and fulvic acids was studied by
titrating the two isolates with NAOH to pH 7.0 with CO2 excluded. The
measured pH and known equivalents of base titrant were then used to develop a
formula relating pK to pH:

pK = a +b (pH) +c (pH)?
where a, b, and ¢ are constants.

Once the dissociation behaviour of the humic materials is known, the organic ion
concentration can be calculated from at the DOC content and pH of the sample.

The method of Oliver et al. (1983) has been widely applied by calibrating the
parameters of the model to particular sets of lakes and conditions (Lazerte and
Dillon 1984; Driscoll et al. 1989; Wilkinson et al. 1992; Kortelainen 1992). In all
cases, the A- estimated from the ion deficit and field measurements of DOC and
pH were used in the calibration process to generate the constants a, b and c.
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For this study, a calibration process was followed based on the Oliver et al. (1983)
equations. Examination of these equations indicated that [A-] is proportional to
the DOC content and a non-linear, in particular, an exponential function of pH.
This knowledge was used to fit A-, as calculated from the anion deficit, to an
appropriate function of DOC and pH. Using non-linear regression (SYSTAT
10.20), the data were fitted to an equation of the form:

A" =a DOC exp(b*pH).

The charge density was calculated for each RAMP lake and compared to
literature values.

A8.6.3.3Calculation of Strong Organic Acid Concentrations

Strong acid anions (A-sa) in the RAMP lakes were analyzed by the method
suggested by Cantrell et al. (1990), Munson and Guerini (1993) and Kortelainen
(1993). Gran alkalinity typically underestimates the charge balance alkalinity
where the discrepancy is proportional to the DOC content. The calculation of the
charge balance alkalinity (ANCcs) is based on electroneutrality principles where
ANCcp is equivalent to the sum of strong bases minus the sum of strong acid
anions (Stumm and Morgan 1981):

ANCcg = 2[Ca2'] + 2 [Mg*'] + [Na'] + [K'] + [NH4"]+ 3[AFP*] + [H']

- 2[S04%] - [CIT- [NO3]-[F]

The concentration of strong organic acids is then calculated from:

A-SA = ANCCB - ANCgran-

A8.6.3.4Calculation of the Buffering Attributable to Weak Organic Acids

The ANC or buffering attributable to the weak organic acids (ANCer) was
calculated by the method of Roila et al. (1994):

ANC,y =ANCgyan — [HCOg] + [H+]sample — [H+] endpoint

Where ANCgran is the measured Gran Alkalinity, [HCO:s] is the bicarbonate
concentration calculated using DIC and the pH, [H+]sample is the initial
hydrogen concentration of the sample and [H+]end is the hydrogen
concentration at the end point (equivalence point) of the titration.

Regional Aquatics Monitoring Program (RAMP) A8-13 2003 Annual Report



A8.6.3.5Calculation of Critical Loads of Acidity to the RAMP Lakes

A8.6.4

Critical loads of acidity were calculated for each lake using the Henriksen’s
steady state water chemistry model (Henriksen and Posch 2001; Henriksen et al.
1992; Forsius et al. 1992; Rhim 1994). In the Henriksen model the critical load for a
lake is calculated as:

CL = ([BC]*0 -[ANC;m) .Q

where CL in the critical loading level of acidity.

[BCJ*0 is the pre-industrial (original) non-marine base cation concentration in the
lake,

ANCiin, is the critical value for the acid neutralizing capacity in the water for a
given indicator organism, and

Q is the mean annual catchment runoff calculated from regional analysis of flow
data collected from over 40 hydrometric stations monitored by the Water Survey
of Canada.

The equation states that the critical load is equivalent to the acid neutralizing
capacity (ANC) or alkalinity generated within the lake catchment (acid
consuming processes) minus a critical chemical threshold of ANC (ANClim)
required to protect a selected biological indicator. The alkalinity generating
processes are represented by the original or historical export of base cations from
the catchment (weathering). By including Q, the runoff, in the equation, both
ANC generation and the critical chemical threshold are expressed in terms of a
flux (mass/time). In application of this model for these RAMP lakes, it was
assumed that the pre-industrial base cation concentration [BC]*0 was equivalent
to the current base cation concentrations and that ANClim was 75 peq/L. These
and other assumptions are discussed in the NSMWG report (WRS 2004).

The critical loads of acidity in 2003 were compared to critical loads calculated in
previous years for the RAMP program and in previous lake surveys. Changes in
critical loads between years were noted.

The critical loads were also compared with levels of PAI for each lake basin. The
PAI used for the comparison was that generated, under a cumulative effects
scenario, for the most recent impact assessment conducted in the Oil Sands
Region. Exceedances of the critical load in a lake imply a potential for
acidification.

Changes from 2002 Study

There are no changes from the 2002 field program with the exception of the
inclusion of Kearl Lake (ID 418) in the 2003 sampling program. The analyses of
the data will be more extensive than in previous years as described above.
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RESULTS: ACID SENSITIVE LAKES

A8.7

CHEMICAL CHARACTERISTICS OF THE RAMP LAKES

The chemical characteristics of the RAMP lakes were compared to characteristics
of lakes in the Oil Sands Region to determine how these lakes fit into the regional
context. Table A8.2 summarizes the chemical characteristics of the 50 RAMP
Lakes in 2002 and 2003. The detailed chemical data for all years can be found in
Appendix 1. Included in Table A8.2 are the regional range and medians values
for each parameter as tabulated in a lake sensitivity report produced by the NOx-
SOx Management Working Group (NSMWG). The regional values were based
on a sample of 366 study lakes in the Oil Sands Region (WRS 2004).

The RAMP lakes fit well within the ranges of each parameter in the regional
lakes. The regional lakes are described in the NSMWG report as:

* Exhibiting a large range in pH (4.4 to 9.59; median: 7.71);

* Exhibiting a large range of ANC (non-detectable to 4797 peq/L) although
most lakes are highly buffered. The major source of ANC are
bicarbonates of calcium and magnesium;

* Exhibiting a wide range of conductivity 11 pS/cm to 481 uS/cm (median:
117 pS/cm);

* High in colour and dissolved organic carbon (median:17.9 mg/L); and,

* Unusually high in nutrient contents especially in total phosphorus
(range: non-detectable — 495 ng/L). Nitrates were often low (median:
2png/L) except for several individual lakes where concentrations as high
as 1860 ng/L were observed.

The 50 RAMP lakes cover a similar pH range (4.17 to 9.46) although having a
lower median value (6.87 vs. 7.71). Titration alkalinity ranged from non-
detectable to 1687 neq/L with a median of 223 peq/L, again much lower than the
regional median (974 peq/L). Conductivity was relatively low in the RAMP
lakes and ranged from13.5 pS/cm to 172 puS/cm (median: 38.4 uS/cm). The
regional median for conductivity was 117 uS/cm. As in the regional lakes, Total
P was exceptionally high in individual lakes attaining values as high as 341 pug/L.
The median concentration of Total P was similar in both lake populations
(median 41 pg/L; vs. 47 pg/L). As in the regional lakes, nitrate concentrations
were generally low (median: 2.32 pg/L in 2003), although several lakes had
exceptionally high values (e.g., 733 p/L).
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DOC was somewhat higher in the RAMP lakes and ranged from 8.35 mg/L to
55.5 mg/L (median 22.8 mg/L).

Table A8.2 Comparison of Major Chemical Parameters in the RAMP Lakes to a
Population of 366 Regional Lakes (Source WRS 2004).

Unit RAMP Lakes Regional Lakes
nits
Year Min Max Median Range Median
Lake Area Km? - 0.031 431 1.38 0.074 - 431 1.93
Net Catchment Area  Km? - 0.62 2137 10 0.269-2137 219
Drainage Ratio - 0.223 88.628 10.1 0.219-332 10
Lab pH 2002 4.17 8.03 6.82 4.4 -959 7.71
2003 4.33 9.46 6.87
Total Alkalinity n 2002 ND 1691 228 ND - 4797 974
e
Heq 2003 ND 1577 223
Gran Alkalinity 2002 ND 1687 212
peqg/L
2003 0.2 1560 201
Specific s/ 2002 13.5 172.3 34.1 11.0 - 481 117
ivi cm
Conductivity g 2003 137 1638  38.4
Total Dissolved n 2002 14 151.5 48.5 13.0 - 261 60.5
i m
Solids 9 2003 273 179 757
Turbidity NTU 2002 0.48 20 1.7 0.34 -58.0
2003 0.53 29 2.3
Suspended Solids 2002 0.3 122.5 4
mg/L
2003 04 85 3.4
Colour 2002 10.7 422 124
TCU
2003 119 486 143
Dissolved Inorganic " 2002 0.242 18.7 2.04
m
Carbon ¢ 2003 0262 157  2.07
Dissolved Organic n 2002 8.35 55.5 21.6 0.20-59.5 17.9
m
Carbon 9 2003 802 515  22.8
Sodium 2002 0.34 8.75 1.29 0.28 - 49.1 2
mg/L
2003 0.45 8.55 1.13
Potassium n 2002 0.06 1.67 0.51 0.05-11.9 0.63
mg
2003 0.03 1.95 0.51
Calcium 2002 0.5 241 476 0.5-54.0 13.9
mg/L
2003 0.56 21.2 4.86
Magnesium 2002 0.16 8.09 1.49 0.30-224 4
mg/L

2003 0.15 7.33 1.44
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Table A8.2 (cont’d).

Units RAMP Lakes Regional Lakes
Year Min Max Median Range Median
gum of Base n 2002 549 1963 403 90.4-5769 1111
ations W o008 794 1770 426
Titration Bicarbonate 2002 0 103 13.9 0.92 - 262 65.0
Mol 2003 0 96.1 13.6
Chloride 2002 0.10 2.36 0.22 0.01-18.0 0.50
Mol 2003 0.06 250 0.13
Sulphate 2002 0.25 16.71 1.05 0.025-99.0 2.41
mal 2003 0.18 1387 0.88
Ammonia 2002 1.09 1509 15.5 ND - 650 10
(ho'l) 2003 236 390.7 138
Nitrate + Nitrite 2002 044 733 5.26 ND - 1860 2
(Holl) 2003 0.12 1311 2.32
Total Kjeldahl N (wglL) 2002 336 5663 876 27 - 5900 930
2003 301 5040 993
Total Dissolved N 2002 324 2689 722
(Mg/L)
2003 271 2458 655
Total Nitrogen 2002 341 5664 910
(g/L)
2003 301 5040 1024
Total Phosphate 2002 6.6 2096 3441 ND - 495 47
(holl) 2003 5.7 3408 41.0
Dissolved 2002 2.7 96.7 12.2
Phosphate “9D o003 18 1558 109
Chlorophyll a 2002 134 1440 74
(Hg/L)
2003 153 128.0 85
Iron 2002 0.02 22 0.24
mg/L

2003 0.05 3.88 0.4

The chemical differences between the RAMP lakes and the population of regional
lakes reflect a bias in the selection process for the RAMP program. Most of the
RAMP lakes were selected for study because they were thought to represent
lakes that are potentially sensitive to acid deposition. In practice, this meant
selecting lakes that were the most poorly buffered and had the lowest values of
pH. Low ANC, low base cation concentrations, and low conductivity are
associated with these characteristics. These types of lakes are also often the
smallest lakes and are often located in the upland regions. Only the median
DOC concentration was greater in the RAMP lakes. The higher values of DOC in
the RAMP lakes may reflect the extensive networks of fens in the catchment

Regional Aquatics Monitoring Program (RAMP) A8-17 2003 Annual Report



basins of lakes in the upland regions. The fens are known to export the humic
acids that are responsible for the DOC and colour of these lakes (Gorham et al.
1984; Kortelainen and Mannio 1990; Kortelainen 1993).

Several lakes stand out as exceptional in their chemistry. These are summarized
in Table A83. Included in Table A8.3 is whether or not the lakes exhibit
exceedances of their critical loads of acidity (See Section 8.3.4).

Table A8.3 RAMP Study Lakes having Exceptional Chemical Characteristics.

A8.8

Lake Region pH ANC peg/L DOC Critical Load
Exceedance

168 (A21) Stony Mountains 493 31.8 21.5 Yes
169 (A24) Stony Mountains 4.67 15.6 18.65 Yes
287 (25) Stony Mountains 517 37.0 17.10 Yes
448 ( L29) Birch Mountains 4.23 Non-detect 16.95 Yes
Clayton L.
447 (L28) Birch Mountains 5.17 51.5 27.79 No
444 (L25) Birch Mountains 6.75 188 8.45 No
Legend

In general, these lakes have the lowest ANC, lowest pH of all the RAMP lakes.
Lake 444 (Legend Lake), while not having as low a pH and ANC as the other
lakes, had an wusually low DOC concentration (8.45 mg/L), atypical of the
majority of Birch Mountain lakes. As Legend Lake is unusually deep (10 m), the
clearer water in this lake may reflect a greater water retention time than in the
majority of Birch Mountain Lakes. DOC is known to decrease with water
retention time in a number of studies (Engstrom 1987; Rasmussen et al. 1989). All
there lakes are in the upland regions.

ORGANIZATION OF RAMP LAKES INTO SUB-REGIONS

In previous reports, the RAMP lakes have been divided into sub-regions that
include:

1. North-East of Fort McMurray;
2. Stony Mountains;

3. West of Fort McMurray;

4. The Birch Mountains;

5. The Caribou Mountains, and

6. The Canadian Shield.
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A8.9

The latter two sub-regions were chosen as reference regions for comparison to
the lakes in the other sub-regions that are potentially affected by Oil Sands
development. The division of the lakes into sub-regions is indicated in Table
A8.1 and Figure A8.1 of the Methods Section.

The sub-region designations are retained in this report for continuity and
convenience, although the sub-regions really are quite variable in both lake type
and chemistry. The first sub-region (North-East of Fort McMurray), for example,
contains both Lakes 452 (L4) and 418 (Kearl Lake). The former is a small, low
ANC-low pH lake with a mean pH of 5.86 and mean alkalinity of 103 peq/L.
Kearl lake is a much larger lake of high pH (7.94) and high alkalinity (1576

peq/L).

More important than the sub-regional classification are the characteristics of the
individual catchment basin of each lake. Lake L4, for example is located in the
Muskeg River Upland region, a flat lowland area with an extensive network of
fens and bogs. Lakes in the upland regions are typically low in conductivity,
alkalinity, pH and base cations (Erikson 1987; WRS 2004). Upland regions
include the Birch Mountains, the Caribou Mountains, the Stony Mountains and
the Muskeg River Uplands. Differences in chemistry noted between sub-regions
reflect more the type of lakes selected for monitoring within each sub-region. For
example, previous RAMP reports found that both the pH and the alkalinity of
lakes in the Stony Mountain sub-region were less than those of the other regions
(RAMP 2003). Most of the lakes in this sub-region are found in a small area of
the Stony Mountains, an upland region.

POTENTIAL TRENDS IN LAKE CHEMISTRY

In general, there are too few years of data to analyze statistically for trends in
chemical parameters that would indicate effects of acidic emissions on the RAMP
lakes. It is still valuable to note any apparent trends in pH and total alkalinity.
To detect trends in pH and alkalinity the average concentration over the last two
years was compared to the average concentration over the first three years of the
program, if available for each lake. Using this crude comparison, pH increased
in 26 lakes and decreased in 6 lakes. The lakes showing pH decreases include
A26, A59, L7, Legend Lake, A301 and Whitesand Lake. Some of these increases
were very small (<0.1 pH units) and well within analytical error or natural
variability. The highest decreases in pH were observed in A26 (0.22 pH), L7 (0.3
pH) and Whitesand Lake (0.14 pH). Total alkalinity increased in 21 lakes and
decreased in 8 lakes. Lakes showing alkalinity decreases included A26, L7, L39,
Legend Lake, Bayard Lake, L47, L109, and Whitesand lakes. As with pH, most of
these decreases in alkalinity are less than 20 peq/L which could easily be the
result of analytical error or natural variability (20 peq/L is equivalent to 1 mg/L
CaCQOs). The largest decreases in total alkalinity were observed for A26 (39.2
peq/L), L7 (30.2 peq/L), Bayard Lake (108 peq/L) and Whitesand Lake (39.6
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A8.10

peq/L). It is notable that many of the lakes showing pH declines also show ANC
declines. Of particular note are A26 in the Stony Mountains, L7 (N-E of Fort
McMurray) and Whitesand Lake (Caribou Mountains). Bayard Lake in the Birch
Mountains showed the highest decline in ANC, although a change in pH was not
observed.

CALCULATIONS OF CRITICAL LOADS OF ACIDITY FOR RAMP
LAKES

The critical load of acidity is defined as the highest level of acidic deposition that
will not cause chemical changes leading to long-term harmful effects to the lake.
The critical load is a property solely of the lake and its drainage basin. The
critical load gives an indication of lake sensitivity and can be used to compare to
acidic deposition expressed as PAI. The greater the critical load the less sensitive
the lake to potential acidic deposition.

Critical loads of acidity were calculated for each lake using the Henriksen’s
steady state water chemistry model as described in the Methods Section.

Table A8.4 presents the critical loads calculated by year (1999-2003) and includes
the critical loads from the NSMWG study. Critical loads ranged from 0.004 keq
H*/ha/y (Lake 448; Clayton L) to 1.353 keq H*/ha/y (Lake 270). The median
critical load over all the lakes and years was 0.272 keq H*/ha/y.

Of the six sub-regions, the Stony mountain lakes were the most sensitive to acidic
deposition with a mean critical load of only 0.101 (Table A8.5). The Caribou
Mountains, the Birch Mountains and the Canadian Shield follow the Stony
Mountains in sensitivity. As indicated in Section 8.3.2, the designation by sub-
region is not exact since a number of the regions contain two or more catchment
types. In general, lakes located in the upland regions (the Birch Mountains, The
Muskeg River Uplands, the Caribou Mountains and the Stony Mountains) or in
the Canadian Shield are the most sensitive by the critical load criterion. These
areas are generally “lowlands” (despite their relatively high elevation) with
extensive networks of fens and bogs. The Canadian Shield lakes are soft water
lakes located on granitic bedrock. For example, Lake 170 (A26), having the
lowest mean CL over the five years of the RAMP program (0.010 keq H* /ha/y),
is located in the Stony Mountains. Clayton Lake (448) with a mean CL of 0.0015
keq H*/ha/y is located in the Birch Mountains. Lake 91 (O-1) with a mean CL of
0.016 keq H*/ha/y is located in the Caribou Mountains. In general, the ponds,
designated with a P in Table A8.4, had relatively high CLs and were not
particularly sensitive to acidification by this criterion.
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A8.10.1Variability of the Critical Load Among Years

The calculation of the critical load for each year permits an estimate of its
variability among years. The mean and coefficient of variation across the five
years has been calculated in Table A8.4. The coefficient of variation ranged from
7.5 % t0 925 % with a mean of 21.4 %. As a common value of runoff was used in
application of the Henriksen model, this variability is attributable solely to
differences in the base cation concentrations between years.
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Table A8.4 Calculation of Critical Loads of Acidity to RAMP Lakes.

NO,-SO, Original Gross Runoff - .
GIS No. De:gr':nal:t’ion Sum Base Cations (Meq/L) iﬁé(;h(r;l:}g)t (m¥ls) Critical Load (keq H'/haly)
1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 WRS 2004 Mean cv PAI
Stony Mountains (Upper Christina River
168 A21 181.9 166.8 177.6 142.9 139.5 10.40 0.0404 0.131 0.112 0.126 0.083 0.079 0.131 0.106 226  0.131
169 A24 109.0 103.3 108.2 125.6 139.7 7.80 0.0264 0.036 0.030 0.035 0.054 0.069 0.036 0.045 359 0.122
170 A26 346.8 126.5 125.0 143.3 146.0 3.40 0.001 0.025 0.005 0.005 0.006 0.007 0.025 0.010 928 0.196
167 A29 137.2 158.7 173.2 149.2 151.4 4.50 0.0131 0.057 0.077 0.090 0.068 0.070 0.057 0.072 16.8  0.095
166 A86 237.7 240.7 264.6 280.9 197.00 0.2639 0.069 0.070 0.080 0.087 0.069 0.076 113  0.073
287 25 (287) 118.3 136.4 9.76 0.0223 0.039 0.056 0.031 0.042 214 0.152
289 27 (289) 164.4 178.0 7.77 0.0216 0.086 0.100 0.122 0.103 233  0.112
290 28 (290) 196.2 264.8 3.24 0.0124 0.146 0.229 0.130 0.168 315  0.141
342 82 (342) 387.8 362.2 6.10 0.0139 0.225 0.206 0.164 0.198 15.7  0.075
354 94 (354) 684.7 525.2 8.53 0.0162 0.365 0.270 0.319 0.318 15.0 0.113
West of Fort McMurray
165 A42 700.5 526.4 478.5 641.3 595.3 588.00 1.1136 0.374 0.270 0.241 0.338 0.311 0.374 0.307 17.2 0.075
171 A47 149.9 311.2 258.5 403.4 347.8 1,254.00 1.8707 0.035 0.111 0.086 0.154 0.128 0.035 0.103 44.0 0.075
172 A59 322.0 274.0 242.3 285.9 276.7 2,245.00 8.5666 0.297 0.240 0.201 0.254 0.243 0.297 0.247 13.9 0.075
223 P94 (223) 1477.7 1370.7 0.70 0.0019 1.196 1.104 1.030 1.110 7.5 0.331
225 P96 (225) 1010.3 834.7 1.26 0.0034 0.799 0.649 0.582 0.677 16.4 0.126
226 P97 (226) 514.3 557.6 1.80 0.0057 0.438 0.481 0.365 0.428 13.7 0.209
227 P98 (227) 996.8 967.3 1.92 0.007 1.058 1.024 0.942 1.008 5.9 0.166
267 1(267) 1077.8 1005.0 34.50 0.1182 1.084 1.005 0.726 0.938 20.0 0.109




Table 8.4 (cont’d).
"é?é'ﬁo" Ol{:gulgl Sum Base Cations (Meq/L) Ca(t;é’l?risent Rur;off Critical Load (keq H'/haly)
o- Designation Area (km?) (m*/s)
1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 WRS 2004 Mean cv PAI
North-East of Fort McMurray (includes the Muskeg River Uplands
452 L4 308.1 301.4 273.6 277.2 269.0 20.61 0.092 0.328 0.319 0.280 0.285 0.273 0.239 0.287 11.3 0.236
470 L7 375.9 4229 4099 3549 365.3 21.53 0.101 0.445 0515 0495 0414 0.429 0.400 0.450 10.2 0.579
471 L8 635.4 5989 627.3 5499 605.6 10.56 0.045 0.753 0704 0742 0.638 0.713 0.609 0.693 8.3 0.538
400 L39 524.3 369.6 3492 3373 332.3 19.23 0.0501 0.369 0.242 0225 0215 0.211 0.271 0.256 233  0.069
268 E15 (268) 787.2 793.6 706.9 608.6 25.04 0.0809 0.726 0.732 0.644 0.544 0.656 0.660 11.6 0.319
182 P23 (182) 384.2 972.3 7.33 0.0296 0.394  1.142 0.462 0.666 621 0.132
185 P27 (185) 291.5 273.7 4.04 0.0172 0.291 0.267 0.307 0.288 7.0 0.188
209 P7 (209) 323.2 359.1 1.93 0.0072 0.293  0.335 0.387 0.338 139 0.236
270 4 (270) 1963.0 1758.0 18.08 0.0411 1.353 1.207 1.129 1.230 9.3 0.269
271 6 (271) 1933.6 1578.6 22.04 0.0485 1.290 1.043 0.887 1.073 18.9 0.193
418 Kearl L. 1770.1 71.14 0.169 1.270 1.416 1.343 7.7 0.816
Birch Mountains
436 L18 Namur 610.7 6152 6276  630.0 636.5 223.99 0.325 0.245 0.247 0.253 0.254  0.257 0.233 0.248 3.5 0.054
442 L23 Otasan 289.3 280.5 278.3 288.7 266.6 23.44 0.043 0.124 0.119 0.118 0.124 0.111 0.050 0.107 26.6 0.069
444 L25 Legend 298.4 309.9 322.0 274.3 283.9 93.10 0.1765 0.134 0.140 0.148 0.119 0.125 0.112 0.130 104 0.054
447 L28 239.2 2147 2294 2256 213.7 19.00 0.0448 0122 0.104 0.115 0.112  0.103 0.096 0.109 8.7 0.040
448 L29 Clayton 81.4 110.4 54.9 79.4 13.05 0.033 0.005 0.028 0.004 0.015 0.013 87.6 0.086
454 L46 Bayard 878.3 696.1 606.0 5944 584.8 57.20 0.169 0.748 0579 0495 0484 0475 0.329 0.518 26.7 0.067
455 L47 748.5 628.8 604.7 597.5 537.4 49.21 0.1016 0.439 0.361 0.345 0.340 0.301 0.261 0.341 17.5 0.040
457 L49 637.1 653.5 5794 6194 568.6 31.11 0.0666  0.380 0.391  0.341 0.368  0.333 0.361 0.362 6.1 0.040
464 L60 556.9 644.7 6439 6352 628.3 60.21 0.163 0.411 0486 0486 0478 0.472 0.422 0.459 7.3 0.040
175 P13 (175) 1482.0 1367.0 4.27 0.012 1.248 1.146 0.860 1.085 18.5 0.132
199 P49 (199) 294.3 288.4 0.84 0.0044 0.362 0.352 0.329 0.348 4.8 0.153




Table 8.4 (cont’d).
'é?é'zoX ol{:gl:lllfl Sum Base Cations (Meq/L) Ca(t;:I?rsrlS&ant R“?°ff Critical Load (keq H'/haly)
o Designation Area (km?) (m°s)
1999 2000 2001 2002 2003 1999 2000 2001 2002 2003 WRS 2004 Mean cv PAI
Canadian Shield
473 A301 595.4 590.1 558.0 NA NA NA NA NA NA NA NA NA NA NA
118 L107 Weekes 622.2 650.4 616.0 602.7 12.20 0.0092 0.130 0.137 0.129 0.125 0.099 0.124 11.8 0.007
84 L109 Fletcher 583.8 609.9 602.7 572.8 558.4 115.80 0.3537 0.490 0.515 0.508 0.479 0.466 0.471 0.488 41 0.014
88 0-10 554.8 471.0 426.2 418.0 411.3 5.10 0.0118 0.350 0.289 0.256 0.250 0.245 0.352 0.290 17.0 0.014
90 R1 436.5 452.0 461.9 447.7 440.7 24.30 0.0788 0.370 0.386 0.396 0.381 0.374 0.370 0.381 27 0.014
Caribou Mountains
146 E52 Fleming 580.4 595.3 620.8 630.3 610.1 17.60 0.0439 0.398 0.409 0.429 0.437 0.421 0.302 0.399 124 0.027
152 E59 Rocky Is. 331.4 298.1 323.7 317.7 327.7 30.10 0.0124 0.033 0.029 0.032 0.032 0.033 0.047 0.034 18.6 0.027
E68
89 Whitesand 549.8 536.5 443.6 458.6 54.10 0.1576 0.436 0.424 0.339 0.352 0.388 12.7 0.027
91 0-1 245.3 234.7 226.7 230.7 245.6 3.30 0.001 0.015 0.014 0.015 0.016 0.016 0.015 5.1 0.027
97 0-2 409.8 424.4 416.6 394.4 376.3 9.30 0.0029 0.034 0.034 0.031 0.030 0.033 0.032 6.7 0.027
Previous RAMP Lakes
428 L1 283.7 4.30 0.016 0.245 0.200 0.222 14.3 0.312
83 O3/E64 711.0 7.60 0.001 0.026 0.026 0.026 - 0.034
85 R2 433.2 2.0 0.0060 0.348 0.348 0.348 - 0.014
86 R3 1146.3 8.00 0.0215 0.908 0.910 0.908 - 0.014
474 A300 497.0 NA NA NA NA NA NA NA NA NA NA NA




Table 8.5 Summary of Critical Loads in the Six RAMP Sub-Regions.

Region Minimum Maximum Mean
Stony Mountains 0.005 0.365 0.101
West of Fort McMurray 0.035 1.196 0.526
North-East of Fort McMurray 0.211 1.416 0.595
Birch Mountains 0.004 1.248 0.310
Canadian Shield 0.099 0.515 0.329
Caribou Mountains 0.014 0.437 0.169

A8.10.1.

1 Comparisons of the Critical Loads of Acidity to Potential Acid Input.

The lake-specific critical loads of acidity were compared to the modeled PAI at
each lake location attributable to both natural and anthropogenic causes. The
PAI corresponds to the nitrates and sulphates in dry and wet deposition minus
the neutralizing effects of base cations. Values of the PAI at each lake (Table
A8.4) were those modeled for the OPTI Environmental Impact Assessment in
2002 under a cumulative effects scenario and are identical to values used in the
NSMWG mapping report (WRS 2004). Exceedances of the lake critical load by
the PAI at each lake indicate a potential for acidification of this lake under the
modeling scenario. A discussion of some of the assumptions in this approach
can be found in the NSMWG report and those most relevant to the RAMP lakes
are reproduced in the Discussion below (Section 8.4).

Exceedances of the critical loads are indicated by shading in Table A8.4. Two
lakes previously sampled as part of RAMP (428 and 83), the first in the Muskeg
River Uplands and the second in the Caribou Mountains were also exceeded. A
total of 13 of the 50 (26%) currently monitored water bodies have critical load
exceedances at least once during the five years of the program. The exceeded
lakes are summarized in Table A8.6 along with some of their key chemical
characteristics. As expected, these lakes are of low pH, low conductivity, low
ANC and low base cation concentrations. The carbonate buffering capacity in
these lakes is severely reduced. The DOC is also high in most of these lakes.
Clayton Lake in the Birch Mountains stands out as having no bicarbonate
alkalinity at all and the lowest base cation concentration of all the lakes. Most of
the lakes are small (1-2 km? in area) with Lake 171 (A47) as the exception at 431
km?2.
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Table A8.6 Key Chemical Parameters in the 13 Lakes Having Critical Load

Exceedances.
Lake Original pH ANC Base Conductivity DOC Lake Area
Name Heq/L Cations MS/cm mg/L Km?
Heq/L
168 A21 4.93 313 162 15.62 21.49 1.38
169 A24 4.67 15.6 117 14.94 18.65 1.45
170 A26 5.56 72.2 178 13.80 14.83 2.78
167 A29 5.77 60.6 151 13.02 15.13 1.05
166 A86 6.51 139 256 25.08 15.10 75
287 25 5.17 37 127 14.05 17.10 2.18
289 27 6.47 102 171 15.75 12.57 1.83
290 28 5.84 86 231 19.95 24.40 0.544
171 A47 6.16 134 294 30.54 19.88 431
470 L7 6.40 173 386 30.24 29.49 0.330
442 L23 Otasan  6.71 175 281 24.90 13.09 3.44
448 L29 Clayton  4.23 0.0 82 18.87 16.95 0.650
91 0-1 6.06 94.00 237 21.24 19.50 0.800

A8.10.2Calculations of Standard indices of Acidification

Two indices have been proposed to indicate the degree of acidification that has
occurred to date. The first is the ratio of alkalinity to base cations (SBC). The
second is the ratio of sulphate to base cations. Both ratios were calculated for the
RAMP lakes.

A8.10.3Ratio of Alkalinity to SBC

In a pristine system, unaffected by acidification, the ratio of Alkalinity: SBC has a
theoretical value of one. A ratio of one implies an intact bicarbonate buffering
system. Acidification by sulphate, for example, would replace bicarbonate with
sulphate in the lakes and increase weathering of cations from the catchment, both
factors tending to reduce the ratio. This ratio has been frequently used as an
indication of lake acidification (Henriksen 1980: Scuton and Taylor 1980; Erickson
1987; Jeffries 1991). A very similar ratio [bicarbonate: (Mg+ Calcium)], based on
the same idea was used in previous RAMP reports (RAMP 2003).

In calculating the ratios in 2003, the Gran alkalinity was used rather than the
titration (total) alkalinity. = The Gran alkalinity gives a more accurate
determination of the equivalent points of the titration curve and includes the
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weak organic anions responsible for a proportion of the buffering in coloured,
low pH-low ANC lakes.

The use of this index was found to be problematic in the highly coloured RAMP
lakes and may have limited applicability. A plot of Gran alkalinity vs. SBC yields
a line with a slope of 0.88 and an intercept of -157ueq/L (Figure A8.2). In theory,
assuming a bicarbonate buffering system, the theoretical slope should be 1 and
the intercept zero. The calculated values of the ratio are considerably less than
one. Similarly low values of the ratio were found in previous RAMP studies
(e.g., RAMP 2003).

While it is possible that some of these lakes have been affected by acidification
and have a low ratio of alkalinity to base cations, it is highly unlikely that all of
them have been so affected especially in the reference areas. The poor
performance of this ratio can be attributed to the presence of organic acids acting
in two ways: as strong acids and weak organic buffers. The effects of these two
factors on this ratio are treated in the Discussion.

Figure A8.2 Gran Alkalinity vs, Sum of Base Cations.
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2000 —+ R?=0.95
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A8.10.3.1 Ratio of Sulphate to Base Cations

This ratio is based on assumptions similar to those of the first ratio. During
acidification strong acids, in this case, sulphate, will increase relative to base
cations representing bicarbonate buffering. Harm to aquatic occurs when the
ratio is greater than one regardless of the organic acid anion concentration
(Sullivan 2000). The ratio for the RAMP lakes, ranging from 0.003 to 0.529, was
always less than one (Figure A8.3). The median ratio is 0.072. Therefore
according to this ratio, acidification attributable to sulphate is not indicated.
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This ratio, like that of alkalinity to base cations may have limited applications in
the RAMP lakes. The problems associated with this ratio are also presented in

the Discussion.

Figure A8.3 Sulphate vs. Base Cations in the RAMP Lakes. Line represents the 1:1

ratio.
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A8.11 ROLE OF HUMIC MATERIALS IN THE ACID-BASE STATUS OF THE

RAMP LAKES

The RAMP lakes, having a median DOC concentration of 21.6 mg/L, can by
conventional definition be considered as humic (Forsius 1992; Driscoll et al. Kahl
et al. 1989; Kortelainen et al. 1989). It has always been suspected that organic
acids play a significant role in the acid-base status of these lakes although this
role was poorly defined. The role of organic acids on the acid-base status of these
lakes was studied in detail to determine:

1. The weak organic acid concentrations in the lakes;

2. The strong acid component of the organic acids in the lakes, and

3. The ANC or buffering attributable to organic acids in these lakes.

A8.11.1Use of Gran Alkalinity vs. Total Alkalinity

In these calculations of organic acidity, the Gran alkalinity was used as an
estimate of ANC rather than the Total alkalinity normally reported by the
laboratory. The Gran alkalinity gives a more accurate estimate of ANC because it
actually determines the equivalence point of the titration. The Gran alkalinity is
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equivalent to the ANC attributable to the combination of bicarbonate alkalinity
and weak organic anions. The Total alkalinity is titrated to pH 4.5 regardless of
the equivalence point and may overestimate or underestimate the true ANC.

A8.11.2Determination of Weak Organic Acid Concentrations and Charge
Densities in the RAMP Lakes

As described in the Methods section, weak organic acid concentrations were
calculated by two methods: anion deficit and calibration of the model of Oliver et
al. (1983) to regional conditions. The concentrations of free organic anions at the
sample pH of each lake [A-] are expressed in peq/L. The charge density is
expressed as the organic anion concentration divided by the DOC in units of peq
A- /mg C and represents the number of dissociated carboxyl groups per mg of
DOC at the pH of the sample.

Organic Anions by Anion Deficit

In the method of anion deficit, the inorganic anions in the lake water are
subtracted from the cations with the difference, the anionic deficit, used as an
estimate of the concentration of dissociated organic anions A-. It is essential to
estimate the bicarbonate concentrations for this calculation from values of pH
and dissolved organic carbon rather than from the titration bicarbonate reported
in the laboratory (See Methods section).

Table A8.7 presents the results of the calculations of [A-] by anion deficit. The
concentrations of free organic anions ranged from 98 to 655 peq/L with a median
value of 256 peq/L. The charge density, ranged from 4 to 18.9 peq/mg C with a
mean of 12.1 peq/mg C. This mean value fits well within the range of values
reported in the literature (See Discussion). Table A8.7 also shows that the
bicarbonate reported by the laboratory greatly overestimates the true bicarbonate
concentration. The median titration bicarbonate concentration was 227 peq/L
compared to the median calculated concentration of 112 peq/L. The greatest
discrepancies occurred at the lower values of pH.
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Table A8.7 Calculations of Organic Acid Concentrations and the Charge Density of Organic Carbon in the RAMP Lakes.

GIS No. Original pH DOC (mg/L) Gran Alkalinity Titration HCO, Calculated Calculated [COs] Organic Charge
Name (peq/L) (LAB) [HCO;] (peq/L) Anions Density
(weqlL) (weqlL) (veq/L) (wea/mg C)
168 A21 4.93 21.49 54 31.2 0.7 4.08E-06 98.1 4.6
169 A24 4.67 18.65 -2.9 19.4 0.3 1.02E-06 121.6 6.5
170 A26 5.56 14.83 -1.8 721 3.2 7.45E-05 146.5 9.9
167 A29 5.77 15.13 13.9 60.5 7.9 3.05E-04 127.5 84
166 A86 6.51 15.10 114.9 139.3 57.2 1.21E-02 157.6 10.4
287 25 (287) 5.17 17.10 2.0 36.9 1.4 1.32E-05 105.3 6.2
289 27 (289) 6.47 12.57 72.0 102.0 39.5 7.45E-03 112.0 8.9
290 28 (290) 5.84 24.40 50.6 86.1 6.9 3.08E-04 2143 8.8
342 82 (342) 6.80 25.55 196.4 221.0 103.1 4.20E-02 249.6 9.8
354 94 (354) 7.20 24.52 433.9 4494 303.8 3.09E-01 286.3 11.7
165 A42 6.82 45.99 285.0 271.5 142.3 6.14E-02 417.4 9.1
171 A47 6.16 19.88 124.7 1334 31.1 2.94E-03 222.2 11.2
172 A59 5.54 32.95 62.3 79.6 4.9 1.10E-04 234.8 71
223 P94 (223) 7.41 50.49 821.7 814.5 514.2 8.57E-01 655.5 13.0
225 P96 (225) 7.42 33.01 678.7 686.6 472.0 8.06E-01 423.6 12.8
226 P97 (226) 6.84 31.96 285.1 305.7 135.3 6.09E-02 383.7 12.0
227 P98 (227) 7.39 33.90 692.6 700.6 476.8 7.57E-01 464.9 13.7
267 1(267) 7.81 22.62 865.6 884.3 757.5 3.13E+00 256.4 11.3
452 L4 5.86 25.61 76.9 103.0 6.6 3.08E-04 256.1 10.0
470 L7 6.40 29.49 155.9 172.6 32.1 5.24E-03 343.5 11.6
471 L8 7.04 22.33 400.7 420.5 254.0 1.79E-01 317.4 14.2
400 L39 6.76 13.30 178.3 221.0 141.8 5.24E-02 198.7 14.9

268 E15 (268) 7.15 42.99 478.7 466.8 282.8 2.60E-01 450.0 10.5




Table A8.7 (cont’d).
GIS No. Original pH DOC (mg/L) Gran Alkalinity Titration HCO, Calculated Calculated [COs] Organic Charge
Name (meg/L) (LAB) [HCO3] (neg/L) Anions Density
(veqll) (peall) (peq/L) (neq/mg C)
182 P23 (182) 7.1 16.92 527.0 547.8 387.4 3.19E-01 265.9 15.7
185 P27 (185) 5.28 31.39 50.7 734 1.4 1.74E-05 272.9 8.7
209 P7 (209) 6.39 28.21 136.9 156.5 33.9 5.34E-03 298.5 10.6
270 4 (270) 8.26 28.27 1591.7 1560.1 1317.7 1.56E+01 509.2 18.0
271 6 (271) 8.67 25.20 1525.6 1328.8 1339.5 4.01E+01 363.0 14.4
418 Kearl L. 7.94 23.53 1560.0 1575.7 1260.1 7.02E+00 438.3 18.6
436 L18 7.11 7.95 378.2 414.7 315.0 2.61E-01 150.3 18.9
442 L23 6.71 13.09 142.3 174.6 85.7 2.87E-02 160.9 12.3
444 L25 6.75 8.45 150.2 188.3 105.7 3.88E-02 122.6 14.5
447 L28 5.17 27.79 233 515 1.2 1.17E-05 2225 8.0
448 L29 4.23 16.95 -12.7 0.0 0.2 1.69E-07 131.2 7.7
454 L46 6.86 23.23 225.7 296.7 102.3 4.84E-02 388.7 16.7
455 L47 6.80 20.51 220.2 260.2 118.1 4.77E-02 333.2 16.2
457 L49 6.55 21.01 145.7 165.1 58.9 1.34E-02 255.0 12.1
464 L60 6.89 18.84 273.8 277.6 160.9 8.16E-02 255.5 13.6
175 P13 (175) 7.80 46.88 948.8 945.4 697.6 2.87E+00 576.5 12.3
199 P49 (199) 6.70 15.91 147.0 178.9 91.3 2.98E-02 172.3 10.8
473 A301 7.22 13.84 415.7 450.5 331.7 3.55E-01 187.5 13.5
118 L107 7.19 8.70 431.8 473.9 369.2 3.69E-01 159.2 18.3
84 L109 7.02 17.98 376.2 396.3 261.8 1.76E-01 259.0 14.4
88 0-10 6.81 21.32 2143 233.3 134.5 5.62E-02 277.3 13.0
90 R1 6.98 16.88 280.5 301.7 190.6 1.19E-01 208.1 12.3
146 E52 7.03 22.62 359.1 361.8 224.0 1.54E-01 314.8 13.9




Table A8.7 (cont’d).
GIS No. Original pH DOC (mg/L) Gran Alkalinity Titration HCO, Calculated Calculated [COs] Organic Charge
Name (peq/L) (LAB) [HCOs] (peq/L) Anions Density
(weqlL) (weqlL) (veq/L) (weq/mg C)
152 E59 6.77 12.27 162.6 197.6 103.0 3.97E-02 165.2 13.5
89 E68 6.91 22.06 239.7 260.6 139.9 7.34E-02 259.8 11.8
91 O-1/E55 6.06 19.50 62.1 93.9 12.5 9.32E-04 195.7 10.0
97 O-2 E67 6.73 22.99 191.0 210.9 84.2 2.92E-02 292.2 12.7
Mean 6.63 22.92 335.2 353.1 2341 1.49E+00 269.6 12.0
Min 4.23 7.95 -12.7 0.0 0.2 1.69E-07 98.1 4.6
Max 8.67 50.49 1591.7 1575.7 1339.5 4.01E+01 655.5 18.9
Median 6.80 21.78 205.3 2271 111.9 4.80E-02 255.8 12.1




Model of Oliver et al. (1983)

Examination of the dissociation equations in the Oliver et al. (1983) model
indicated that [A-] is proportional to the DOC content and a non-linear, in
particular, an exponential function of pH. This knowledge was used to fit the A-

to an appropriate function of DOC and pH. The data were fitted to an equation
of the form:

A-=aDOC exp(b*pH).
A non-linear regression using SYSTAT 10.2° produced the following equation:
A-=2.788*DOC exp(0.208* pH)
12=0.975 (raw), 0.877 (corrected)

The equation can be used to calculate the organic acid anion concentrations for
regional lakes from field measurements of DOC and pH. A plot of the predicted
vs. measured values of organic anions is reproduced in Figure A8.3.

Figure A8.3 Plot of Organic Anion Concentrations Predicted from Derived Equation
versus the Calculated Values
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The 1:1 line (broken line) is essentially co-linear with the first line and the slope
of the line fitted to the data has a value of 0.999 compared to a theoretical value
of 1.0. Most of the scatter occurs at the higher values of A- which correspond to
lakes having higher values of pH. At higher values of pH, organic groups other

than carboxyl (in particular phenolic groups) may play a role in the acid-base
dynamics of the lake (Kramer ef al. 1990).
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The derived exponential equation also indicates the strong positive relationship
between the charge density (A-/DOC) and pH which is represented in Figure
A8.4.

Figure A8.4 Charge Density vs. pH of RAMP Lakes.
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A8.11.2.1 Calculation of Strong Acid Anions

Early studies on humic lakes assumed that organic acids were all weak acids.
Later studies showed that DOC is actually a complex mixture of organic acids
dissociating over a wide pH range. A certain fraction of these acids acts as strong
acids of low pKa. These strong acids remain dissociated at low pH and reduce
the overall ANC of the lake.

Strong acid anions (Awsa) in the RAMP lakes were analyzed by the method
suggested by Cantrell et al. (1990), Munson and Guerini (1993) and Kortelainen
(1993) from the difference between charge balance alkalinity and the Gran
alkalinity (See Methods).

The concentration of strong organic acids (Asa) ranged from 78.3 peq/L (Lake
444, 1.25) to 349 peq/L (223, P94) with a median value of 158 peq/L (Table A8.8).
Figure A8.5 presents the difference between the charge balance alkalinity and the
Gran Alkalinity as a function of DOC. As in previous studies, the relationship is
linear with a slope of 5.82 neq/mg C. The following relationship applies to the

RAMP lakes:
A'sa= 5.82 [DOC]

where the concentration of strong organic acids, A-sa, is expressed in peq/L and
DOC in mg/L.
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Figure A8.5 Plot of Charge Balance Alkalinity Minus Gran Alkalinity versus DOC.
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Table A8.8 Calculations of strong organic acids, ANC attributable to weak organic
acids (ANC,,y) and the proportion of ANC attributable to weak organic

acids.
GIS No. Original pH Charge Gran Strong ANC,q Percent ANC,o/
Name Balance Alkalinity Organic (peq/L) ANC,,q of DoC
ANC (neg/L) Acids Gran ANC (neq/L
(peall) (peall) Img C)
168 A21 4.93 98.9 5.40 93.5 4.50 83.3 0.21
169 A24 4.67 121.9 0.00 121.9
170 A26 5.56 149.7 0.00 149.7
167 A29 5.77 1354 13.90 121.5 1.05 7.5 0.07
166 A86 6.51 214.8 114.87 100.0 48.00 41.8 3.18
287 25 (287) 5.17 106.7 2.00 104.7
289 27 (289) 6.47 151.5 72.00 79.5 24.40 33.9 1.94
290 28 (290) 5.84 221.1 50.60 170.5 34.21 67.6 1.40
342 82 (342) 6.80 352.8 196.40 156.4 79.03 40.2 3.09
354 94 (354) 7.20 590.6 433.90 156.7 111.79 25.8 4.56
165 A42 6.82 559.8 284.95 274.8 125.53 441 2.73
171 A47 6.16 253.3 124.70 128.6 83.93 67.3 4.22
172 A59 5.54 239.7 62.30 1774 49.96 80.2 1.52
223 P94 (223) 7.41 1170.8 821.70 349.1 280.85 34.2 5.56
225 P96 (225) 7.42 896.7 678.70 218.0 184.89 27.2 5.60
226 P97 (226) 6.84 519.1 285.10 234.0 130.90 45.9 4.10
227 P98 (227) 7.39 942.7 692.60 250.1 193.15 27.9 5.70
267 1(267) 7.81 1017.7 865.60 152.1 87.37 10.1 3.86
452 L4 5.86 262.6 76.95 185.7 65.29 84.9 2.55
470 L7 6.40 375.6 155.90 219.7 108.02 69.3 3.66
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Table A8.8 (cont’d).

GIS No. Original pH Charge Gran Strong ANC, Percent ANC,o/
Name Balance Alkalinity Organic (peq/L) ANC,,q of DoC

ANC (peq/L) Acids Gran ANC (peg/L

(neq/L) (peqlL) Img C)
471 L8 7.04 571.7 400.65 171.0 130.14 325 5.83
400 L39 6.76 340.6 178.35 162.2 28.23 15.8 212
268 E15(268) 7.15 733.1 478.70 254.4 177.88 37.2 4.14
182 P23 (182) 7.11 653.7 527.00 126.7 118.23 224 6.99
185 P27 (185) 5.28 2743 50.70 223.6 40.79 80.4 1.30
209 P7 (209) 6.39 332.5 136.90 195.6 87.67 64.0 3.1
270 4 (270) 8.26 1844.4 1,591.70 252.7 248.79 15.6 8.80
271 6 (271) 8.67 1747.3 1,525.60 221.7 163.13 10.7 6.47
418 Kearl L. 7.94 1706.3 1,560.00 146.3 272.48 17.5 11.58
436 L18 7.1 465.7 378.25 87.4 49.07 13.0 6.17
442 L23 6.71 246.7 142.30 104.4 45.26 31.8 3.46
444 L25 6.75 2284 150.15 78.3 34.65 23.1 4.10
447 L28 5.17 223.7 23.35 200.3 16.92 725 0.61

448 L29 4.23 1314 0.00 1314

454 L46 6.86 491.0 225.65 265.4 109.34 48.5 4.71
455 L47 6.80 451.4 220.20 231.2 86.08 39.1 4.20
457 L49 6.55 313.9 145.70 168.2 75.94 52.1 3.61
464 L60 6.89 416.6 273.80 142.8 95.33 348 5.06
175 P13 (175) 7.80 1277.7 948.80 328.9 223.88 23.6 4.78
199 P49 (199) 6.70 263.7 147.00 116.7 43.48 29.6 2.73
473 A301 7.22 519.7 415.67 104.0 67.89 16.3 4.90
118 L107 7.19 528.9 431.85 97.1 49.47 11.5 5.69
84 L109 7.02 521.2 376.20 145.0 99.11 26.3 5.51
88 0-10 6.81 411.9 214.30 197.6 65.24 30.4 3.06
90 R1 6.98 399.0 280.55 1184 74.61 26.6 4.42
146 E52 7.03 539.0 359.10 179.9 116.19 324 5.14
152 E59 6.77 268.3 162.65 105.6 47.11 29.0 3.84
89 E68 6.91 399.9 239.73 160.1 86.22 36.0 3.91
91 O-1/E55 6.06 208.3 62.15 146.2 43.10 69.3 2.21
97 O-2 E67 6.73 376.5 191.00 185.5 92.95 48.7 4.04
Mean 6.63 505.4 335.5 169.9 95.70 38.7 4.05
Min 4.23 98.9 0.0 78.3 1.05 7.5 0.07
Max 8.67 1844 .4 1591.7 3491 280.85 84.9 11.58
Median 6.80 387.8 205.3 158.4 85.00 33.2 4.07
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A8.11.3Calculation of the ANC (Buffering) Attributable to Weak Organic
Anions

The ANC or buffering attributable to the weak organic acids (ANCerg) was
calculated for each lake by the method of Roila et al. (1994):

ANCc:rg = ANCgran - [HCOS] + [H+]sample - [H+] endpoint

The results of these analyses are presented in Table A8.7. ANC,y ranged from
1.05 peq/L to 281peq/L for the RAMP lakes with a median of 85 peq/L. The
ANCoy is a strong function of both DOC and pH. The last column in Table A8.8
presents the organic ANC expressed per unit of DOC (ANCoe/DOC). This
quantity, in effect an “organic buffering density”, is frequently calculated in the
humic acid literature. For the RAMP lakes, this value ranged from 0.07 peq/mg
C to 11.58 peq/mg C with a median of 4.07 peq/mg C. This quantity was plotted
against pH in Figure A8.5 to show the strong increase of this quantity with pH.
A more comprehensive model to fit the data was determined from the non-linear
regression of ANC,rg on both pH and DOC as:

ANC,g = 0.149*DOC exp(0.475* pH)

> = 0.931 , r? corrected = 0.790

This model shows that ANC,y increases proportionately with DOC and
exponentially with pH.

Table A8.8 also presents the proportion of the total ANC or total buffering
(expressed as Gran alkalinity) attributable to weak organic acids. This
proportion ranged from 7.5 % to 84.9 % with a median of 38.7 %. The relation
between the percent ANCo; and pH is a logistic dose- response curve (Figure
A8.7) that accounts for about 83% of the variability of the data. At low values of
pH, the percent of the buffering attributable to ANCoyis high, in excess of 80 %,
but the absolute value of ANCog is low (less than 20 peq/L). At high values of
pH, the percent of the total buffering attributable to ANCg is small although the
absolute value of the ANCo is high (greater than 200 peq/L).
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Figure A8.6 Organic Buffering Density vs. pH in RAMP Lakes.
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Figure A8.7 Percent Organic Buffering as a Function of pH for RAMP Lakes.
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A8.12 DISCUSSION

A8.12.1Current Status of the RAMP Lakes

The chemical characteristics of the 50 RAMP lakes fit well into those of the 460
regional lakes examined in the NSMWG report on lake sensitivity (WRS 2004).
Differences between the two lake populations were due to a bias in the selection
process for the RAMP lakes that favored lakes considered to be highly sensitive
to acidic deposition. Following this selection criterion, the RAMP lakes were
often chosen to be low in ANC and pH. These and related parameters, including
conductivity and base cation concentrations, were therefore lower in the RAMP
lakes than in the regional lake population. Only the dissolved organic carbon
was greater in the RAMP lakes. The high levels of DOC in these lakes were
related to the large number of fens and bogs within the catchment basins of the
RAMP lakes that were often located in the upland regions.

The division of the lakes into sub-regions was found to be more for convenience
than reflective of real differences between the sub-regions. More important than
the sub-regional differences were the characteristics of the catchment basin for
the individual lakes. In particular, lakes having catchment basins in the upland
regions (Birch Mountains, Stony Mountains, Muskeg River Uplands) showed
distinctly lower pH, conductivity and ANC than lakes in other areas.

There are insufficient monitoring data to detect trends in key chemical
parameters that would indicate a process of lake acidification. Comparisons
between the first three and last two years of monitoring identified 26 lakes where
the pH increased and 6 showing pH decreases. Total alkalinity increased in 21
lakes and decreased in 8 lakes. Most of these increases/decreases were small
enough to be considered as simply analytical error or seasonal variability.
Several lakes had significant changes in both parameters and deserve additional
attention in future monitoring cycles. These include A26 in the Stony Mountains,
L7 north-east of Fort McMurray, and Whitesand Lake in the Caribou Mountains.

A8.12.2Critical Load Exceedances as an Indication of Lake Sensitivity

Critical loads were calculated for each lake and year for comparison with the
predicted PAI. An exceedance of the critical load by the PAI suggests that a lake
has the potential for acidification under the particular PAI modeling scenario. A
total of 13 of the 50 RAMP lakes fell into this category and by this criterion are
sensitive to acidic deposition.

The ability of the Henriksen model to predict lake sensitivity has been discussed
at length in the NSMWG report (WRS 2004) and will not be repeated here in
detail. Relevant to RAMP are the following assumptions of the model:
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1. The assumption that bicarbonate provides the principal source of
buffering in each lake, and

2. The assumption that all nitrates contained in modeled PAI are acidifying.
First Assumption

The Henriksen model assumes that buffering is dominated by bicarbonate
species rather than organic anions or aluminum. The bicarbonate assumption is
implicit in the model as the weathering of base cations alone accounts for
alkalinity generation in the catchment. Questions have always been posed by
stakeholders as to the possibility of organic buffering replacing the bicarbonate
buffering in low ANC-low pH lakes. This would imply that low ANC lakes are
less sensitive than indicated by the model.

Since the Henriksen model cannot logically be applied to lakes where
bicarbonate buffering is low or absent, a cutoff ANC of 50 peq/L was
recommended in the NSMWG report below which the model should not be
applied. Seven of the 13 exceeded RAMP lakes fall into this category.

Further examination of the principle of a cut-off ANC (50 neq/L) recommended
in NSMSG report is warranted based on the analyses of organic buffering in this
report. The results of these analyses indicate that at low pH-low ANC, organic
buffering is indeed significant relative to bicarbonate buffering (a high
percentage of the buffering is organic). However, organic buffering is still small
in an absolute sense. Low pH-low ANC lakes remain poorly buffered. In
practice this means that, despite the breakdown in some of the logic of the
Henriksen model at low pH, the conclusions of the model in regards to lake
sensitivity remain true. The 13 lakes having critical load exceedances (including
the 7 lakes having an ANC less than 50 peq/L ) are the most sensitive to
acidification and should be monitored accordingly.

Second Assumption

Comparison of the critical load for each lake to the PAI assumes that both sources
of acidity, nitrogen and sulphate oxides, reach the lake. While it is generally
assumed that sulphate is a mobile ion and will reach the lake (Henriksen et al.
2002; Henriksen and Braake 1987; Henriksen 1984), nitrates may be retained in
the drainage basin by plants and microorganisms (Jeffries 1995; Kamari et al.
1992; Dillon and Molot 1990). The critical threshold mapping program
conducted in Europe under the UN/ECE Convention on Long-range
Transboundary Air Pollution considers a variety of nitrate sinks including
denitrification, uptake by vegetation, immobilization in the catchment soils and
lake retention. These are all terms in the first order acidity balance (FAB) model
applied in the European critical load mapping program (UN/ECE 1996; Posch et
al. 1997). By assuming that all the nitrates in the PAI are acidifying, both the
acidic deposition that is capable of affecting a lake and the number of lakes that
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A8.13

are exceeded and at risk to acidification may be overestimated. Further research
will be required to determine appropriate nitrogen retention rates for the RAMP
lakes.

USE OF ACIDIFICATION INDICES TO INDICATE EFFECTS OF
ACIDIFICATION ON RAMP LAKES

Two acidification indices have been applied in previous RAMP reports to
measure the potential effects of acidification on the RAMP lakes. The first index
was the ratio of alkalinity to the sum of the base cations while the second was the
ratio of sulphate to base cations.

The first ratio assumes that bicarbonate is the dominant buffering system. This
ratio did not work well for many of the highly coloured, low ANC lakes where
bicarbonate buffering is insignificant or non-existent. An unusual number of low
values of the ratio were obtained here and in previous RAMP reports. The poor
performance of this ratio can be attributed to the presence of organic acids acting
in two ways: as strong acids and weak organic buffers.

Strong organic acids act like strong inorganic acids by lowering the ANC and
making humic lakes more sensitive to acidification (Brakke et al. 1987; Driscoll et
al. 1989; Kortelainen 1993b; Sullivan et al. 1989). Strong acids have pKa’s well
below 4 and remain un-protonated during the Gran titration. The presence of
strong organic acids can be accounted for by using the relationship derived
between strong organic acidity and the DOC content in each lake (Section
8.3.6.3). The presence and dominance of organic buffers could not be easily
incorporated into the index.

In Figure A8.8, the values of Gran alkalinity have been corrected for the presence
of strong organic acids by adding the alkalinity decrease attributable to the
strong acids in each lake. This was done by multiplying the DOC in each lake by
the factor 5.82 peq/ mg C derived in (Section 8.3.6.3). This increased the slope to
0.935 and the intercept was reduced to -54.6 peq/L, both much closer to the
theoretical values of 1 and zero than in the original regression.

About four lakes still fall significantly below the line. These are listed in Table
A8.3 along with key chemical parameters. These lakes are not particularly high
in DOC or low in pH although they very low in Gran alkalinity and as a result
have a high proportion of the buffering attributable to organic anions (Section
8.3.6.4). They are all located in the Birch Mountain Uplands.
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Figure A8.8 Gran Alkalinity vs, Sum of Base Cations corrected for Strong Organic

Acids.
y = 0.9349x - 54.554

o 2000 R®=0.965
©® & 1500
85 32
© £ 1000
3 & 500
©2g

< 0 et 1 1 |

0 500 1000 1500 2000
Sum Base Cations (ueg/L)

Table A8.9 Chemical characteristics of lakes with a low ratio of Gran alkalinity to
base cations.

Lake No. Ratio Alkalinity: DOC pH Gran Alkalinity Base Cations
sBc' (mg/L) (peq/L) (peq/L)
457 (L49) 0.44 21.0 6.55 146 612
464 (L60) 0.62 18.8 6.89 274 622
454 (L46) 0.54 23.2 6.86 223 672
455 (L47) (E52) 0.81 20.5 6.80 220 623

' Gran alkalinity corrected for strong organic acids.

As a result of these analyses, it is evident that the ratio of alkalinity to base
cations is of limited applicability to the RAMP lakes.

Like the ratio of alkalinity to base cations, the ratio of sulphate to base cations
may also have limited applicability to the RAMP lakes. The index assumes a
relationship between sulphate and H* in which an increase in sulphate indicates
an increase in acidity. In the lower Great Lakes and in Europe, sulphate and H*
are highly correlated and sulphate is commonly used as a surrogate for acidity
(e.g., Henriksen 1980; Dupont and Grimard 1986). Because of the presence of
neutral sulphate compounds in wet deposition, the relationship between
sulphate and acidity does not apply to Alberta Lakes (AEP 1990; Lau 1982; Legge
1988). In fact, sulphate has been shown to correlate well with calcium rather than
the hydrogen ion, probably from the incorporation of calcareous dust in
precipitation. Figure A8.9, showing sulphate in each RAMP lake vs. the
hydrogen ion concentration, indicates that, as suggested in the literature, the two
variables are not well correlated in these lakes.
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Figure A8.9 Plot of Sulphate vs. Hydrogen lon Concentration in RAMP Lakes.
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A8.14 THE ROLE OF HUMIC MATERIALS IN THE ACID-BASE STATUS OF
THE RAMP LAKES

Early research on lake acidification involved studies of lakes where bicarbonate
provided most of the buffering against acidic deposition and where acidification
was often viewed as a large-scale bicarbonate titration (Henriksen 1980; Wright
1984). Although a small number of early studies recognized humic lakes, with
their low levels of bicarbonate, as unique ecosystems and potentially sensitive to
acidification (e.g., Gorham et al. 1984 and Hemond 1980), humic lakes were
largely ignored in acidification studies. Serious study on the sensitivity of these
lakes to acidification began only the late 1980s and early 1990s. These early
studies were conducted largely in Northern Europe, especially in Finland, where
these lakes are common.

Based on the European studies, this annual report stresses the role of organic
acids in the acid-base dynamics of the RAMP lakes. The acid-base conditions of
the RAMP lakes are greatly influenced by the presence of high levels of DOC and
the organic acids associated with this organic material. These organic acids act in
two principal ways. Strong organic acids have a low pKa and remain dissociated
thoughout the Gran alkalinity titration. Strong organic acids lower the alkalinity
of the lakes in the same way that strong inorganic acids lower alkalinity. Weak
organic anions are protonated during the Gran titration and are part of the
buffering system along with inorganic bicarbonates. This appears to be the case
even for lakes having high base cation and bicarbonate concentrations.

The ability of weak organic acids to buffer against anthropgenic acidification has
generated considerable discussion in the lake sensitivity studies conducted by
NSMWG (WRS 2004). Weak organic acids were thought by some members of the
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committee to be capable of considerable buffering capacity in lakes of low pH
where inorganic buffering from bicarbonates was at a minimum or non-existent.
The analyses conducted in this report attempt to address this issue and
determine the importance of organic buffering in these low pH, highly coloured
lakes.

A8.14.1.1 Measurements of Free Organic Anions

There is no definitive method of measuring organic acidity in surface waters.
Two principal approaches have been used: the first using the principle of ion
charge balance (anion deficit method) and the second using a dissociation model
developed by Oliver et al. (1983) and applied to the purified isolates of
hydrophobic and hydrophilic acids. Generally, the predictions of the Oliver et al.
(1983) model and its derivatives are compared to the organic anion
concentrations calculated by anion deficit and modifications of the model
represent attempts to reconcile the two approaches. The anion deficit method, in
a sense, remains a standard against which the Oliver et al. model is gauged.

Two terms, relative to organic acid concentrations, require defining. The term
organic acid acidity refers to the total number of organic acid groups (normally
assumed to be carboxyl) in the DOC that is dissociated at the pH of the sample.
The charge density is the dissociated organic ion concentration per mg DOC.
Since the dissociation of the carboxyl groups is a function of acidity, the pH of
the charge density must be specified.

The organic acid concentrations in this study range from 98 peq/L to 655 peq/L
with a median of 256 peq/L. This median value is high compared to values in the
literature, although our DOC concentrations are also higher than most literature
values. For comparison, the median organic anion concentration was 92 peq/L
in a study of Finnish Lakes reported by Kortelainen (1992). Our median DOC
concentration was 22 mg/L compared with 12 mg/L in the Finnish Lakes. A
better indication of the accuracy of our calculations is the charge density. The
charge density of the DOC in the RAMP lakes had a median value of 12.1
peq/mg C. Table 9 shows estimates of the charge density in the literature. The
literature values range from 2.2 peq/mg C to 13.4 peq/mg C with a median of ~
10 peq/mg C. The charge densities of the RAMP lakes fit well into this range.
The charge density increased with increasing pH over the surveyed lakes, a fact
consistent with the expected increase in dissociation of organic acids at the
higher pHs.

The exponential equation derived from the anion deficit, the pH and the DOC of
the RAMP lakes,

A = 2.788*DOC exp(0.208* pH),
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is proposed as the most accurate and easiest way of calculating the concentration
of free organic anions for lakes in the Oil Sands region.. This equation is based
on the relationships between A-, DOC and pH that were derived by Oliver et al.
(1983) from his dissociation equations. Using our data for this equation
represents a calibration of the model to the RAMP data and condition of North-
Eastern Alberta. In a similar exercise, Wilkinson et al. (1992) developed a simple
regression model for 1200 shield lakes in Quebec relating anion deficit to both pH
and DOC. The authors also suggested that this type of model could be used to
predict organic anion concentrations in a regional context. The Wilkinson model,
however, failed to maintain the inherent relationships between the three
variables suggested in the Oliver et al model and, although remaining predictive,
is therefore less realistic than our model.

In all calculations of anion deficit it is important to determine the carbonate
concentrations from DIC, pH and equilibrium relationships. The titration
bicarbonate reported by the laboratories greatly overestimates the true
bicarbonate concentrations. This error was made in previous RAMP reports.

Table A8.10 Estimates of charge density in the literature (WRS 1999).

Location Water DoC Method' Charge Source
mg/L Density
veg/mg C
Spencer Creek (Ont.) River 8 o] 11.5 Oliver et al. (1983)
Missouri River River 3.8 O 11 Oliver et al. (1983)
Ohio River (OH) River 3.5 O 11.4 Oliver et al. (1983)
Yampa River (CO) River 2 O 11.3 Oliver et al. (1983)
Ogeechee R. (GA) River 7 (0] 10.4 Oliver et al. (1983)
Shawsheen R. (MA) River 7 O 10.4 Oliver et al. (1983)
Como Creek (CO) River 6.4 (0] 10.1 Oliver et al. (1983)
Deer Creek (CO) River 0.7 (0] 11.3 Oliver et al. (1983)
Pebbleloggitch (NS) Lake 18 (0] 8.3 Oliver et al. (1983)
Brainard L.(CO) Lake 2.8 (0] 10.7 Oliver et al. (1983)
Island L. (NE) Lake 30 ) 13.4 Oliver et al. (1983)
Castle Lake (OR) Lake 145 O 10.6 Oliver et al. (1983)
Sphagnum Bog (ME) Wetland 30 O 9.9 Oliver et al. (1983)
Suwanee R. (GA) Wetland 32 (0] 11 Oliver et al. (1983)
Hawaii Marsh (HI) Wetland 12 O 10.3 Oliver et al. (1983)
Thoreau’s Bog (MA) Wetland 30 O 10.1 Oliver et al. (1983)
Alpine Bog (CO) Wetland 3 O 9.2 Oliver et al. (1983)
Biscayne (FL) Groundwater 13 (0] 11.4 Oliver et al. (1983)
Tupper L (NS) Lake 11.8 (0] 7.2 Clair et al. (1992)
Tupper L (NS) Lake 11.8 C 2.2 Clair et al. (1992)
Moose Pit Brook (NS) River 9.3 O 5.6 Clair et al. (1992)
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Table A8.10 (cont’d).

Location Water DOC Method Charge Source
mg/L ! Density
Heg/mg C

Moose Pit Brook (NS) River 9.3 C 34 Clair et al. (1992)
Mersey River River 13.9 O 71 Clair et al. (1992)
Mersey River River 13.9 C 1.7 Clair et al. (1992)
Beaverskin Lake Lake 2 (0] 8.6 Clair et al. (1992)
Beaverskin Lake Lake 2 C 1.1 Clair et al. (1992)
Skjervatjern Lake Lake 6.85 O 6.6 Clair et al. (1992)
(Norway)

Skjervatjern Lake Lake 6.85 C 4.3 Clair et al. (1992)
(Norway)

Finnish Lake Survey Lake 12 AD 7.5 Kortelainen (1992)
Quebec Lakes Lake 4.7-6.2 oM 6-8.1 Wilkinson et al. (1992)
East Bear Brook River 2.20 EM 71-7.7 David et al. (1992)
West Bear Brook River 2.02 EM 7.6-7.7 David et al. (1992)
Maine Soils Soil Leachates 58 AD 3-13 Vance and David

(1991)

' O = method of Oliver et al. (1983); AD = anion deficit; OM = modified method of Oliver et al. (1983);
C = method of Clair et al. (1992)

A8.14.1.2 Strong Acid Nature of Organic Acids

Early studies on humic substances in lakes assumed that organic acids were all
weak acids. Dissolved organic carbon is actually a complex mixture of organic
acids dissociating across a wide pH range and having a broad pK spectrum
(Perdue et al. 1984; Brassard et al. 1990; Kramer et al. 1990; Cantrell et al. 1990).
Over the pH range of natural waters, these acids are neither all dissociated nor all
protonated. A certain fraction acts as strong acids of low pKa. These strong
organic acids dissociate completely, decrease ANC and make humic lakes more
sensitive to acidification than clear water lakes with similar concentrations of
base cations (Brakke et al. 1987; Driscoll et al. 1989; Kortelainen 1993b; Sullivan et
al. 1989).

The role of strong organic acids in the acid-base balance of a lake was first
recognized by Hemond (1980) who concluded that the acidity of ombrotrophic
Thoreau’s Bog (pH = 3.8) was determined almost exclusively by strong organic
acids. Eshleman and Hemond (1985) fitted data from base titrations on stream
water to various chemical titration models. The results were consistent with the
presence of strong organic acids of pKa 3.4-3.7. In a study of coloured lakes in
the US EPAs Eastern Lakes Survey, Kramer and Davies (1988) found that a DOC
greater than 7 mg/L could reduce the pH of a lake having a carbonate alkalinity
of 200 mg/L below 5.0. A DOC of only 4 mg/L could reduce the pH below 5.0 in
a lake having a carbonate alkalinity of 50 -100 mg/L. Hard waters lakes
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(alkalinity>2000 ueq/L) were not affected by DOC. The effects of organic acids
on surface waters, therefore, depend on the background carbonate alkalinity and
the concentrations of organic acid present. Organic acids make humic lakes more
sensitive to acidic input from the atmosphere than clear water lakes for lakes
with similar concentrations of base cations (Brakke et al. 1987).

Much of the evidence for the strong acid properties of organic acids is derived
from observed discrepancies between calculated charge balance ANC (ANCcs)
and measured Gran alkalinity in coloured waters. In clear water lakes when no
organic ions are present, measured Gran alkalinity is equivalent to ANCcs. In
humic waters, Gran alkalinity typically underestimates ANCcg.  This
underestimate corresponds to the ANC remaining at the endpoint pH of the
Gran titration and is ascribed largely to the presence of strong, organic acids that
remain ionized well below pH 4 (Sullivan et al. 1989; Cantrell et al. 1990; Munson
and Guerini 1990; Kortelainen 1993). As expected, the discrepancy between the
calculated and measured ANC was found proportional to the DOC content.
Cantrell et al. (1990) showed that DOC lowers the ANC by 4.48 neq per mg of
DOC. Hemond (1990) found DOC lowered the Gran alkalinity by a very similar
4.6 peq per milligram C. Kortelainen (1993b) reported a strong organic acid
contribution of 5.3 peq/mg TOC. Munson and Gherini (1993) reported that DOC
contributed 4.5-5 peq/mg DOC of strong acid to solution in Adirondacks lakes.
The largest effects were found at low values of Gran alkalinity (0-50 peq/L)
where strong organic acids depressed pH by up to 1.5 units.

In the RAMP lakes a similar relationship was derived between ANCCB, Gran
alkalinity and DOC:

ANCcs - ANCaran = 5.86 [DOC]

Where the ANCcp - ANCacran is equal to the strong acid concentration, Asa. This
equation can be used to determine the concentration of strong acids in lakes
within the Oil Sands region.

The proportionality constant, 5.86, fall well within the literature values. Strong
acids in the RAMP lakes ranged from 78.3 peq/L to 349 peq/L with a median
concentration of 158 peq/L. The effects of strong organic acids were
demonstrated in Section (8.4.2) in which the average ANC was shown to be
reduced by greater than 100 peq/L.

A8.14.1.3 Buffering Attributable to Weak Organic Acids

Only a few estimates of the buffering attributable to weak organic acids have
been made. These have indicated that the buffering abilities of organic acid
anions are limited and are of importance only in lakes of low pH and low ANC
where bicarbonate concentrations are low. Even aluminum is a much more
effective buffer than organic acid anions. From titrations of the isolated
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hydrophobic and hydrophilic acids in 10 Finnish lakes, Kortelainen (1993b)
calculated the median organic anion fraction titrated during measurements of
Gran alkalinity as 15 peq/L or 1.6 neq/mg DOC. Waters of high DOC and high
pH were titrated over the widest pH range and showed the highest absolute
levels of organic alkalinity. However, the proportional contribution of organic
alkalinity to total alkalinity was greatest in high DOC - low pH lakes due to the
low levels of bicarbonate alkalinity. Only a small fraction of the organic acidity
in these waters (16%) contributed to the organic alkalinity.

In a separate study on 40 Finnish Lakes, Roila et al. (1994) calculated the organic
acid contribution to ANC as the difference between measured Gran alkalinity
and the carbonate alkalinity predicted from dissolved inorganic carbon and pH.
In waters having a positive ANC, the contribution of organic acid alkalinity
averaged 16 and 25 peq/L in lake and stream waters, respectively, for an overall
average of 1.9 peq/mg DOC.

In a stream acidification study, Hedin et al. (1990) found that organic acid anions
provided only 2.0 peq/mg DOC acid neutralizing capacity. Inorganic aluminum
release from sediments was the most important mechanism of acid neutralization
followed by base cation release and, only then, organic ions. Clair et al. (1992)
also found that organic anions provided only a small contribution to alkalinity in
humic lakes in Nova Scota and Finland. In Lake Skjervatjern, Finland, organic
ions provided only 2 peq/L alkalinity.

In this study, the ANC (ANCyy) attributable to weak organic anions was
determined from the model of Roila et al. (1994) for each lake. The median value
of ANCoyg was 85 peq/L. The median proportion of the Gran alkalinity
represented by ANCorg was 33.2 %. The median value of the organic buffering
density (ANCorg/ mg DOC) is 4.1 neq/mg C. These values are higher than those
reported in the literature, however, the RAMP lakes are generally much greater
in DOC content and ANCoyis a strong, increasing function of both DOC and pH.
The relationship between ANCog pH and DOC for the RAMP lakes can be
expressed in the following equation:

ANCorg = 0.149*DOC exp(0.475* pH).

At low pH, ANCoy is low but high relative to the total buffering. For example in
Lake 168 (A21), having a pH of 4.93 and a DOC of 21.5 mg/L, ANCqg was only
4.5 peq/L (Table 7; Section 8.3.6.3). The Gran alkalinity was 5.4 peq/L. Hence,
the proportion of the buffering attributable to ANCorg was high (83.3 %) but the
absolute buffering attributable to ANCyg was extremely small. At high pH,
ANC o is considerably higher but so are the Gran alkalinity and the importance
of bicarbonate buffering. The relative importance of ANCoygis much lower. For
example in Lake 270, with a pH of 8.26 and a DOC of 28.3, ANCyy is high at 253
peq/L (Table 7; Section 8.3.6.3). However, the Gran alkalinity is extremely high
at 1592 peq/L and ANCoyg represents only 8.8 % of the total ANC. The logistic
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A8.15

dose- response curve (Figure 7; Section 8.3.6.4), relating the proportion of organic
buffering as a function of pH is, perhaps, the most effective way of showing the
importance of organic buffering in the RAMP lakes as a function of pH.

In summary, the importance of ANCyg is small in an absolute sense in low pH
lakes and small in a relative sense in high pH lakes. Organic buffering in low
ANC-low pH lakes is not high enough to prevent acidification and these remain
the most sensitive regional water bodies.

REFERENCES

AENV.1999.Regional Sustainable Development Strategy for the Athabasca Oil
Sands Area. Alberta Environment Report. Publication No. 1/754. ISBN 0-
7785-0680-0.

Alberta Environment.1990. A Review of Approaches for Setting Acidic
Deposition Limits in Alberta. Special Report of Alberta Environment
Protection. 63 pp.

Brakke, D.F., Henriksen, A., Norton, S.A. 1987. The relative importance of acidity
sources for humic lakes in Norway. Nature 329: 432-434 Kramer, J.R. Davies,
S.S. 1988. Estimation of non-carbonato protolytes in the Eastern Lakes
Survey. Environ. Sci. Technol. Vol. 22: 182-185.

Brassard, P. Kramer, J.R. Collins, P.V. 1990. Binding site analysis using linear
programming. Environ. Sci. Technol. Vol. 24:195-201.

Cantrell, K.J., Serkiz, S M., Perdue, E.M. 1990. Evaluation of acid neutralising
capacity data for solutions containing natural organic acids. Geochimica et
Cosmochimica Acta 54: 1247-1254.

Clair, T.A. Pollock, T.L.Collins, P. Kramer, J.R. 1992. How brownwaters are
influenced by acidification: the HUMEX lake case study. Environ. Int. Vol.
18: 589-596.

Dillon, P.J., Molot, L.A.1990. The role of ammonium and nitrate in the
acidification of lakes and forested catchments. Biogeochem. 11:23-43.

Dupont, J., Grimard, Y. 1986. Systematic study of lake water acidity in Quebec.
Water, Air, Soil Pollut. 31:223-230.

Engstrom, D.R. 1987. Influence of vegetation and hydrology on the humus
budgets of Labrador Lakes. Can. J. Fish Aquat. Sci. 44: 1306-1314.

Regional Aquatics Monitoring Program (RAMP) A8-49 2003 Annual Report



Erickson, P.K. 1987. An Assessment of the Potential Sensitivity of Alberta Lakes
to Acidic Deposition. Special Report: Water Quality Control Branch,
Pollution Control Division, Alberta Environment. 137pp. 1987.

Eshleman, K.N. Hemond, H.F. 1985. The role of organic acids in the acid-base
status of surface waters at Bickford watershed, Massachusetts. Water
Resour. Res. 1985. Vol. 21:1503-1510.

Forsius, M.F. 1992. Acidification of lakes in Finland: Regional estimates of lake
chemistry and critical loads.  National Board of Waters and the
Environment, Helsinki (Finland) Publications of the Water and Environment
Research Institute 10(0): 1-37.

Golder. 2002. 2002 Program Design and Rationale. 298 pp.

Gorham, E; Bayley, S E; Schindler, D W. 1984. Ecological effects of acid
deposition upon peatlands: A neglected field in "acid-rain" research.
Canadian Journal of Fisheries and Aquatic Sciences " Can. J. Fish. Aquat. Sci.
41: 1256-1268.

Hedin, L.O. Likens, G.E. Postek, K.M. Driscoll, C.T. 1990. A field experiment to
test whether organic acids buffer acid deposition. Nature. Vol. 345:798-800.

Hemond, H. 1980. Biogeochemistry of Thoreau's bog, Concord, Massachusetts.
Ecological Monographs 50: 507-526.

Henriksen, A. 1980. Acidification of freshwaters - a large scale titration. In:
Ecological Impact of acid precipitation (Drablos, D., Tollan, A. eds.) Proc.,
Int. Conf. Ecol. Impact Acid Precip., Norway 1980. pp. 68-73.

Henriksen, A; Brakke, D F. 1988. Sulfate deposition to surface waters: Estimating
critical loads for Norway and the eastern United States. Environ. Sci.
Technol. 22: 8-14.

Jeffries, D.S. 1991. Southeastern Canada: An overview of the effect of acidic
deposition on aquatic resources. In: (D.F. Charles editor) Acidic Deposition
and Aquatic Ecosystems. Springer Verlag, New York. p 273-289.

Jeffries, D.S. 1995. Fresh Water Acidification in Canada Caused by Atmospheric
Deposition of Nitrogen Pollutants: A Preliminary Assessment of Existing
Information. NWRI contribution No. 95-116.

Henriksen, A., Dillon, P.J., Aherne, ]. 2002. Critical loads of acidity for surface
waters in south-central Ontario, Canada: regional application of the steady-
state water chemistry (SSWC) model. Can. J. Fish. Aquat. Sci. 59: 1287-1295.

Regional Aquatics Monitoring Program (RAMP) A8-50 2003 Annual Report



Kahl, J.S., S.A. Norton, MacRae, R K., Haines, T.A., Davis, R.B. 1989. The
influence of organic acidity on the acid-base chemistry of surface waters in
Maine, USA. Water, Air, and Soil Pollution 46: 221-233.

Kamari, J., Jeffries, D.S., Hessen, D.O., Henriksen, A., Forsius, M., Posch, M. 1992.
Nitrogen critical loads and their exceedances for surface waters. IN ;
Grennfelt,P. and E. Thornelof (eds.). Proceedings Workshop on Critical
loads for Nitrogen, Lokeberg, Sweden, 161-200.

Kortelainen, P. and Mannio ]. 1990. Organic acidity in Finnish lakes. In: Kauppi,
P., Antilla, P. and Kenttamies, K. (eds.). Acidification in Finland Springer-
Verlag Berlin p. 849-863.

Kortelainen, P. 1992. Charge Density of Total Organic Carbon in Finnish Lakes
Environmental Pollution 77: 107-113.

Kortelainen, P. 1993. Contribution of organic acids to the acidity of Finnish lakes.
Publications of the Water and Environment Research Institute No. 13. 1993.
National Board of Waters and the Environment, Finland.

Kortelainen, P. 1999. Acidity and Buffer Capacity. Occurrence of Humic Waters.
In Organic Acids in Aquatic Systems. John Wiley and Sons.

Kortelainen, P.,, Mannio, J., Forsius, M., Kamari, J. and Verta, M. 1989. Finnish
Lake Survey: The role of organic and anthropogenic acidity Water Air and
Soil; Pollution 46: 235-249.

Kramer, J.R. Brassard, P. Collins, P. Clair,T.A. Takats, P. 1990. Variability of
organic acids in watersheds. In: Perdue, EM. Gijessing, E.T., (eds,) Organic
acids in Aquatic Ecosystems, J. Wiley and Sons Ltd. pp.127-139.

Lau, Y. K. 1982. Precipitation chemistry. Air Quality Control Branch, Pollution
Control Division, Alberta Environment. Edmonton, Alberta. 75 pp.

LaZerte, B.D. Dillon, P.J.1984. Relative importance of anthropogenic versus
natural sources of acidity in lakes and streams of central Ontario. Can. J.
Fish. Aquat. Sci. 1984. 41: 1664-1677.

Legge, A. H. 1988. The present and potential effects of acidic and acidifying air
pollutants on Alberta’s Environment. Prepared for the Acid Deposition
Research Program by the Kananaskis Centre of Environmental Research,
University of Calgary. Calgary Alberta. ADRP-B-16-88. 79pp.

Munson, R. K. Guerini, S.A. 1993. Influence of organic acids on the pH and acid-
neutralizing capacity of Adirondack lakes. Water Resources Research 29:
891-899.

Regional Aquatics Monitoring Program (RAMP) A8-51 2003 Annual Report



Oliver, B.G. Thurmond, EM., Malcolm, R. 1983. The contribution of humic
substances to the acidity of coloured natural waters. Geochim. Cosmochim.
Acta. 47: 2031-2035.

Perdue, E.M. Reuter, J.H. Ghosal, M. 1980. The operational nature of acidic
functional group analyses and its impact on mathematical descriptions of
acid-base equilibria in humic substances. Geochim. Cosmochim. Acta. 44:
1841-1851.

Posch, M., De Met, P.A.M., Hettelingh, ]J.-P., Downing, R.J. 1999. Calculation and
Mapping of Critical Thresholds in Europe: Status Report 1999. RIVM Report,
No. 259101009. Coordination Centre for Effects. National Institute of Public
Health and the Environment. Bilthoven, the Netherlands.

Rasmussen, J.B., Godbout, L., Schallenberg, M.F. 1989. The humic content of lake
water and its relationship to watershed and lake morphometry. Limnol.
Oceanogr. 34: 1336-1343. 1989.

Rhim, B. 1995. Critical loads of acidity for forest soils and alpine lakes: steady
state mass balance method. Published by the Federal office at Environment,
Forests and Landscape. Berne Switzerland.

Roila, T., Kortelainen, P., David, M.B.,, Makinen, 1. 1994. Effect of organic
anions of acid neutralizing capacity in surface waters. Environ. Int. 20: 369-
372.

Saffran, K. A. and Trew, D. O. 1996. Sensitivity of Alberta Lakes to Acidifying
Deposition: an Update of Sensitivity Maps with Emphasis on 109 Northern
Lakes. Special report prepared by Water Sciences Branch, Water
Management Division, Alberta Environmental Protection.

Scruton, D.A., Taylor, D.H. 1989. A survey of dilute lakes on the south coast of
insular Newfoundland (Canada) in relation to natural and anthropogenic

acidification. Canadian Technical Report of Fisheries and Aquatic Sciences
0(1711): I-V, 1-58.

Stumm W., Morgan, J.J. 1981. Aquatic Chemistry, 2nd edition. Wiley-Interscience.
New York.

Sullivan, T.J., Driscoll, C. T., Gherini, S.A., Munson, R.K., Cook, R.B., Charles,
D.F., Yatsko, C.P. 1989. Influence of aqueous aluminum and organic acids

on measurements of acid neutralizing capacity in surface waters. Nature
338: 408-410.

Regional Aquatics Monitoring Program (RAMP) A8-52 2003 Annual Report



UN ECE. 1996. Manual on Methodologies and Criteria for Mapping Critical
Levels/Loads and Geographical Areas where they are Exceeded. United
Nations Coordination Centre for Effects. Task Force on Mapping. Federal
Environmental Agency, Berlin.

Wilkinson, K.J., Jones, H. G., Campbell, P.G.C., Lachance, M. 1992. Estimating
organic acid contributions to surface water acidity in Quebec. Water, Air
and Soil Pollution 61: 57-74.

Wright, R.F. 1984. Norwegian models for surface water chemistry: An overview.
In: Schnoor, ].L. (ed.) Modeling of Total Acid Precipitation Impacts. Acid
precipitation Series - Volume 9. Butterworth Publishers. 222 pp.

WRS. 1999. A review of Acidification of Humic Lakes with
Recommendations for Further Studies. Report to Alberta
Environment by Western Resource Solutions.

WRS. 2000. Critical loads of acidity to 162 lakes sampled by Alberta-Pacific
Forest Industries during 1998. Special Report prepared for Syncrude
Canada, Fort McMurray by Western Resource Solutions.

WRS. 2004. Calculations of Critical Loads of Acidity to Lakes in the Oil Sands
Region. Report by Western Resource Solutions to the NOx-SOx Management
Working Group.

Regional Aquatics Monitoring Program (RAMP) A8-53 2003 Annual Report



Regional Aquatics Monitoring Program (RAMP) A8-54 2003 Annual Report



	APPENDIX A8: ACID SENSITIVE LAKES
	A8.1 RATIONALE AND OBJECTIVES.
	A8.2 SCOPE OF THE ASL COMPONENT IN 2003
	A8.3 DATA ANALYSIS
	A8.4 LONG-TERM MONITORING PLANS
	A8.5 OVERVIEW OF THE 2003 PROGRAM
	A8.6 METHODS
	A8.6.1 Station Locations
	A8.6.2 Field Methods
	A8.6.3 Details of Data Analyses
	A8.6.3.1 Comparison of the Chemistry of the RAMP Lakes to Regional Lake Chemistry
	A8.6.3.2 Determination of Organic Acid Concentrations
	A8.6.3.3 Calculation of Strong Organic Acid Concentrations
	A8.6.3.4 Calculation of the Buffering Attributable to Weak Organic Acids
	A8.6.3.5 Calculation of Critical Loads of Acidity to the RAMP Lakes

	A8.6.4 Changes from 2002 Study

	A8.7 CHEMICAL CHARACTERISTICS OF THE RAMP LAKES
	A8.8 ORGANIZATION OF RAMP LAKES INTO SUB-REGIONS
	A8.9 POTENTIAL TRENDS IN LAKE CHEMISTRY
	A8.10 CALCULATIONS OF CRITICAL LOADS OF ACIDITY FOR RAMP LAKES
	A8.10.1 Variability of the Critical Load Among Years
	A8.10.1.1 Comparisons of the Critical Loads of Acidity to Potential Acid Input.

	A8.10.2 Calculations of Standard indices of Acidification
	A8.10.3 Ratio of Alkalinity to SBC
	A8.10.3.1 Ratio of Sulphate to Base Cations

	A8.11 ROLE OF HUMIC MATERIALS IN THE ACID-BASE STATUS OF THE
	A8.11.1 Use of Gran Alkalinity vs. Total Alkalinity
	A8.11.2 Determination of Weak Organic Acid Concentrations and Charge Densities in the RAMP Lakes
	A8.11.2.1 Calculation of Strong Acid Anions

	A8.11.3 Calculation of the ANC (Buffering) Attributable to Weak Organic Anions

	A8.12 DISCUSSION
	A8.12.1 Current Status of the RAMP Lakes
	A8.12.2 Critical Load Exceedances as an Indication of Lake Sensitivity

	A8.13 USE OF ACIDIFICATION INDICES TO INDICATE EFFECTS OF ACIDIFICATION ON RAMP LAKES
	A8.14 THE ROLE OF HUMIC MATERIALS IN THE ACID-BASE STATUS OF THE RAMP LAKES
	A8.14.1.1 Measurements of Free Organic Anions
	A8.14.1.2 Strong Acid Nature of Organic Acids
	A8.14.1.3 Buffering Attributable to Weak Organic Acids

	A8.15 REFERENCES

	TABLES
	Table A8.1 Name, Location and Date of Sampling of Lakes in 2003 for the Acid Sensitive Lake Program.
	Table A8.1 (cont’d).
	Table A8.2 Comparison of Major Chemical Parameters in the RAMP Lakes to a Population of 366 Regional Lakes (Source WRS 2004).
	Table A8.2 (cont’d).
	Table A8.3 RAMP Study Lakes having Exceptional Chemical Characteristics.
	Table A8.4 Calculation of Critical Loads of Acidity to RAMP Lakes.
	Table A8.4 (cont’d).
	Table A8.4 (cont’d).
	Table A8.5 Summary of Critical Loads in the Six RAMP Sub-Regions.
	Table A8.6 Key Chemical Parameters in the 13 Lakes Having Critical Load Exceedances.
	Table A8.7 Calculations of Organic Acid Concentrations and the Charge Density of Organic Carbon in the RAMP Lakes.
	Table A8.7 (cont’d).
	Table A8.7 (cont’d).
	Table A8.8 Calculations of strong organic acids, ANC attributable to weak organic acids (ANCorg) and the proportion of ANC attributable to weak organic acids.
	Table A8.8 (cont’d).
	Table A8.9 Chemical characteristics of lakes with a low ratio of Gran alkalinity to base cations.
	Table A8.10 Estimates of charge density in the literature (WRS 1999).
	Table A8.10 (cont’d).

	FIGURES
	Figure A8.1 Locations of Lakes Sampled under the RAMP Acid-Sensitive Lake Component, 2003.
	Figure A8.2 Gran Alkalinity vs, Sum of Base Cations.
	Figure A8.3 Sulphate vs. Base Cations in the RAMP Lakes. Line represents the 1:1 ratio
	Figure A8.3 Plot of Organic Anion Concentrations Predicted from Derived Equation versus the Calculated Values
	Figure A8.4 Charge Density vs. pH of RAMP Lakes.
	Figure A8.5 Plot of Charge Balance Alkalinity Minus Gran Alkalinity versus DOC.
	Figure A8.6 Organic Buffering Density vs. pH in RAMP Lakes.
	Figure A8.7 Percent Organic Buffering as a Function of pH for RAMP Lakes.
	Figure A8.8 Gran Alkalinity vs, Sum of Base Cations corrected for Strong Organic Acids.

Corrected

ANCGran(µ eq/L)
	Figure A8.9 Plot of Sulphate vs. Hydrogen Ion Concentration in RAMP Lakes.




