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Chapter 1:  Introduction 

Oregon’s National Forests have approximately 800,000 hectares of congressionally 

designated wilderness areas, with the majority occurring in the Cascade Mountain 

Range (Oregon Wild, 2010).  These Oregon Cascade wilderness areas are populated with 

precipitation fed lakes, which are typically associated with glacial scouring and deposits 

(Orr and Orr, 2002).  Comprehensive studies of water chemistry in select Oregon 

Cascade wilderness lakes in the 1980s (Eilers et al., 1987; Landers et al., 1987; Nelson 

and Delwiche, 1983) showed them to be relatively free of human perturbation.  

Changing climate (Pierce et al., 2008; Mote et al., 2003) and long range transport of 

Asian atmospheric contamination (Landers et al., 2010; Weiss-Penzias et al., 2006; Jaffe 

et al., 2005), may now jeopardize the near-pristine quality of these lakes (Eilers et al., 

1987; Landers et al., 1987; Nelson and Delwiche, 1983).  Adverse affects of atmospheric 

contamination on lake water chemistry have been documented in the northeastern US, 

where acidic precipitation has led to lake acidification (Brakke et al., 1988; Landers et 

al., 1988).  Water chemistry monitoring projects have proven to evaluate the status and 

trends of lakes in the face of impairment (Landers et al., 1988) and continuation of near-

pristine conditions (Eilers et al., 1996).   

Objectives.  This research project documents the current status of water chemistry in 

Oregon Cascade wilderness lakes and compares the findings to a 1985 US Environmental 

Protection Agency Western Lake Survey (WLS) (Eilers et al., 1987; Landers et al., 1987; 

Silverstein et al., 1987).  The objectives of this study are to document water chemistry 
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conditions over a twenty-four year sampling gap and to determine a current data 

baseline and identify potential changes occurring in selected Oregon Cascades 

wilderness lake water chemistries.  An outcome of this research is the recommendation 

of future lake chemistry monitoring in the Oregon Cascades and surrounding regions.  

These objectives will be met by the use of comparable water chemistry data collection 

and analyses, with proper quality assurance and quality control methods, which will 

enable the comparison of results for outstanding differences in water chemistry over 

the 24 year period.  The resulting data will also serve to supplement the current WLS 

database for six Oregon Cascade wilderness lakes and document the current status of 

lake water chemistry in the study area.    

Overview.  The following document consists of a literature review covering 1) lake 

water chemistry background, 2) lake water chemistry studies in the US, 3) the Oregon 

Cascades setting, 4) atmospheric contamination in the Pacific Northwest, and 5) the 

WLS findings.  The review is followed by chapters covering:  1) materials and methods, 

2) results, data comparisons, and accompanying discussion, and 3) conclusions and 

recommendations for further work.    
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Chapter 2:  Lake Water Chemistry 

Lake Water Chemistry Background.  Common parameters examined in lake water 

chemistry studies include a suite of variables which reflect the lake’s ecological health, 

dominant chemical processes, and susceptibility to changes which may affect ecology.  

The most common lake water parameters which represent ecological health are 

nitrogen (N), total phosphorous (Total P), and dissolved oxygen (DO).  These common 

biological parameters convey the lake’s respiration by heterotrophs and oxidation 

potential through DO and available nutrients for autotrophs by Total P and N.  Total P is 

typically diffused into lake water via contact with volcanic rocks, and N comes from 

biotic functions and/or anthropogenic contamination.  Total P encompasses the various 

states of phosphorous utilized or excreted by organisms and is often a limiting nutrient 

in freshwater (Nevers and Whitman, n.d.; Willis, 2008).  Nitrogen is often measured 

either as Total N, ammonia (NH3), ammonium (NH4
+), Nitrite (NO2

-), or Nitrate (NO3
-) 

(Morel and Hering, 1993).  Nitrate is a valuable nutrient for biota in lacustrine ecology; 

however, excess concentrations of N can result in eutrophication, the phenomenon of 

an aquatic flora boom due to these excess nutrients and results in poor water quality 

and extreme changes in DO (Nevers and Whitman, n.d.; Willis, 2008). 

A comprehensive water chemistry study should include several essential parameters for 

capturing major chemical processes (Nevers and Whitman, n.d.; Weight , 2008; Berner 

and Berner, 1996; Eilers et al., 1989; Landers et al., 1988).  These parameters include 

pH, for determining the acidity, specific conductance (SpC), for determining the water’s 



4 
 

 

ionic strength, alkalinity, as an indicator of the composite alkaline chemical species 

components, DO for abundance of oxygen present, and temperature.  The above listed 

parameters are recommended to be collected in situ along with sampled parameters 

sent to the lab for data corroboration (Wetzel, 2001).  Simple analysis of these 

parameters within and between lakes can indicate core chemical differences or 

similarities.  For example, a lake with high SpC, high alkalinity, and high pH would 

indicate a strong influence of dissolved solids and could likely be located within a region 

with soluble geology.  This lake may have a high tolerance for accepting acidic inputs 

before becoming acidified due to this high buffering capacity (Landers et al., 1988).  

Conversely, a lake with low SpC, high pH, and low alkalinity would represent dilute 

water with little chemical influence from underlying geology and a high potential for 

acidification under acidic inputs (Eilers et al., 1989).  

More comprehensive water chemistry analyses involve sampling for the parameters 

listed above in addition to major cations, major anions, dissolved organic carbon (DOC), 

dissolved inorganic carbon (DIC), trace metals and, other elements of site specific 

significance  to determine individual chemical species’ influence on overall lake water 

chemistry (Weight, 2008; Berner and Berner, 1996; Morel and Hering, 1993).  DIC and 

DOC indicate the amount of dissolved carbon existing in organic and inorganic form in 

water chemistry and illustrate components of the carbon cycle occurring in lakes.  These 

parameters provide a basis for calculating other parameters such as acid neutralizing 

capacity (ANC) and organic anions respectively (Morel and Hering, 1993; Eilers et al., 

1987).  ANC is a parameter, either calculated or measured via gran titration, which 
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indicates the amount of acid required to neutralize alkalinity present in a water sample 

(Eilers et al., 1987).  Anions from organic acid (organic anions) can contribute to titrated 

based measures of carbonate alkalinity and total carbon and can affect pH (Morel and 

Hering, 1993).   

Major cations and anions consist of the dominant soluble chemical species present 

contributing to a lake water chemistry sample’s charge balance.  Natural lake waters 

tend to have bicarbonate (HCO3
-) as the dominant anion, and calcium (Ca+2) as the 

dominate cation.  Sulfate (SO4
-2) and chloride (Cl-) typically are the next most abundant 

anions and magnesium (Mg+2), sodium (Na+), and potassium (K+) follow Ca+2 as the most 

abundant cations (Wetzel, 2001).  Sources of these cations and anions primarily come 

from contact of water with rocks and sediments during hydrologic cycle transport and 

residence time in the lake.  However, marine aerosols can contribute to Na+, Cl-, and 

SO4
-2 concentrations with proximity to coastlines and anthropogenic pollution can 

contribute to pH, SO4
-2, and NO3

- levels (Landers et al., 1988; Eilers et al., 1989; Wetzel, 

2001).   

Trace metals can indicate the dissolution of metal compounds (often toxic) into water 

from soil, atmospheric or direct water contamination.  These parameters are typically 

measured in areas with confirmed or suspected contamination and sediment analysis 

are often conducted additionally to represent them completely and over time (Weight, 

2008).  Other elements are useful to measure in regions where they are expected to 

contribute significantly to the total dissolved load.  For example, the measure of 
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aluminum (Al) in the volcanic lakes of the Cascade Mountain range would be an ideal 

measure in a suite of parameters because of the dominance of Al bearing rocks (du Bray 

et al., 1988; Weight, 2008).  Another example of extra water chemistry ions to consider 

in the Oregon Cascades is silicon (Si).  Silicon exists as silica (SiO4) mostly in these lakes 

and is derived from local geology.  A direct measure of Si in a suite of water chemistry 

parameters can help indicate biotic use of the element, especially via diatoms which 

incorporate the element into their cell walls and deposit it into sediments as they die 

(Wetzel, 2001).                            

Lake Water Chemistry Studies.   A complete basic water chemistry characterization 

consists of the following parameters:  Acid neutralizing capacity (ANC or alkalinity), pH, 

common cations (Na+, Ca+2, Mg+2, K+, NH4
+), common anions (Cl-, F-, CO3

-2, PO4
-3, HCO3

-, 

SO4
-2, NO3

-), DOC, and SpC (Landers et al., 2010; Eilers et al., 1996; Eilers et al., 1993; 

Landers et al., 1988; Loranger and Brakke, 1988; Brakke et al., 1988; Landers et al., 

1987).  Literature indicates that lake water chemistry can be variable between lakes in 

the same basin (Loranger and Brakke, 1988), consistent within a lake for thousands of 

years (Eilers et al., 1996), or express anthropogenic impairment over a relatively short 

time period (Brakke et al., 1988; Landers et al., 1988).    

Studies of lake water chemistry in the eastern US (Brakke et al., 1988; Landers et al., 

1988; Sullivan et al., 1988) indicate lake water chemistry can be affected by atmospheric 

contamination, especially in the Northeast.  Landers et al., (1988) discussed the findings 

of the US Environmental Protection Agency’s Eastern Lake Survey of 1984 where 
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atmospheric deposition of SO4
-2  via acidic precipitation and local and regional industrial 

outputs contributed to wide spread lake acidification, buffering capacity loss, and 

ecological crisis in the northeastern US.  Decades of burning high sulfate content coal 

upwind from lakes in the Northeast produced sulfuric acid laden air masses which 

precipitated on to landscapes, resulting in acidified lakes.  Many aquatic plant and 

animal species have delicate pH tolerance levels; when exposed to lower (or higher) pH 

levels outside of their indigenous threshold species can become distressed or extirpated 

(Wetzel, 2001).  Geological settings were also identified as likely drivers of lake water 

chemistry specifics elsewhere in the Landers et al. (1988) study such as the occurrence 

of several low pH values in Florida due to humic acid influences and the lack of acidic 

waters (pH ≥ 6.0) in the Blue Ridge subregion north of Florida due to high buffering 

capacities derived from underlying geology. 

An entirely different suite of relatively dilute lakes (low conductivity) with a generally 

decreasing SO4
-2 concentration is encountered as one moves west geographically in the 

US (Eilers et al., 1989; Landers et al., 1987).  In the west, the lake water chemistry is less 

affected by anthropogenic influences due to the lack of major industrial and power 

plant emissions, unlike the northeastern US.  This is illustrated by Lake Notasha of the 

Sky Lakes Wilderness Area, Oregon (Eilers et al., 1996).  In this near-pristine lake, a 

paleolimnological sediment analysis study in conjunction with lake water chemistry 

samples was conducted.  Results indicated the lake had changed in conductance by only 

2.0 µS/cm and in pH by only 0.3 units over the past 6,600 years (Eilers et al., 1996, p. 

68).  A study in the Washington Cascades by Loranger and Brakke (1988) found a 
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uniform concentration (but very low when compared to the Northeast) of NO3
- and SO4

-

2 in Washington Cascade snowpack, yet an abnormally high concentration of SO4
-2 in a 

specific lake (and nowhere else) leading them to conclude that a natural source of SO4
-2 

was present.  As part of the Western Lake Survey (WLS), Landers et al. (1987) found high 

lake water concentrations of SO4
-2 in the Puget Lowlands attributed to proximity to 

Seattle, WA, (air contamination source) and/or proximity to the sea via marine aerosol 

contributions.  These examples exhibit the varying contributions of natural and 

anthropogenic influences on lake water chemistry in the Pacific Northwest. 

Waters of the Oregon Cascades.  The Oregon Cascades formed as a result of tectonic 

uplift via the Juan de Fuca Plate subducting under the North American Plate.  The 

Oregon Cascades are broken into two different geologic classifications, the younger High 

Cascades (approximately less than 4 million years old) and the older Western Cascades 

(approximately 5-45 million years old).  The Western Cascades geology sits partially 

under the High Cascade geology which was created in relatively recent volcanic events.  

However, there is no clear delineation of the interface between these two geologies and 

the geochemistry is complex (duBray et al., 2006; Nelson, 1985).  Oregon Cascade lakes 

are generally formed by glacial activity and most are rainwater and snowmelt fed (du 

Bray, 2006; Orr and Orr, 2002).   

The study area for this research consists of wilderness lakes on the western flank of the 

High Cascades geology.  High Cascades geology is rich in volcanic siliceous basalt and 

very resistant to weathering (Nelson and Delwiche, 1983).  Also, according to Nelson 
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(1985), bedrock mineralogy in the high Cascades is controlled by kaolinite and gibbsite.  

Kaolinite and gibbsite are minerals rich in aluminum and silicon which have limited 

cation exchange capacity and thus a low buffering capacity due to a resulting inability to 

absorb large fluxes of cations (Ashman and Puri, 2002).  The dominating influence of 

these minerals renders Oregon Cascades lakes sensitive to acidification due to their 

inability to buffer acidic additions (also known as low acid neutralizing capacity) (Newell 

and Bernert, 1996; Nelson, 1985; Nelson and Delwiche, 1983).   

Pierce et al. (2008) and Mote et al. (2003) discuss adverse impacts associated with the 

onset of climate change, which could alter the landscape and hydrology of the lower 

elevation Oregon Cascades.  Climate change in the Oregon Cascades is hypothesized to 

result in warmer temperatures and more precipitation as rain verses snow (Pierce et al., 

2008) and expected changes in spring runoff patterns are further hypothesized to alter 

forest ecosystem composition, potentially leading to an increased fire hazard in the 

subalpine zone (Mote et al., 2003).  These stressors, especially when compounded with 

potential atmospheric deposition of anthropogenic chemicals, suggest a need to 

monitor water chemistry of the Oregon Cascade lakes to document any changes before 

or as they occur.  The lakes of the northeastern US illustrate the potential for adverse 

chemical and ecological impacts which may occur if these waters are exposed to 

anthropogenic inputs of acid precursors over time. 

800,000 hectares of the Oregon Cascades are set aside as wilderness areas.  The 

Wilderness Act of 1964 defines a wilderness: 
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A wilderness, in contrast with those areas where man and his own works 
dominate the landscape, is hereby recognized as an area where the earth and its 
community of life are untrammeled by man, where man himself is a visitor who 
does not remain.  An area of wilderness is further defined to mean in this Act an 
area of undeveloped Federal land retaining its primeval character and influence, 
without permanent improvements or human habitation, which is protected and 
managed so as to preserve it natural conditions and which (1) generally appears 
to have been affected primarily by the forces of nature, with the imprint of 
man’s work substantially unnoticeable…  

-Section 2.(c), Wilderness Act, 1964 

 

In light of this legislative text, another minor objective of this study is to document the 

status and trend of Oregon Cascade Wilderness lake water chemistry against The 

Definition of a Wilderness from the Wilderness Act of 1964.  According to the above 

definition, wilderness areas were congressionally designated to preserve land masses 

from the alterations associated with human inhabitation and presence.  If wilderness 

lakes are exhibiting evidence of anthropogenic alterations, the Definition of a 

Wilderness as stated by the Wilderness Act of 1964 would be incongruent with reality.  

Policy and management discussions may be needed to potentially mitigate adverse 

impacts or redefine a wilderness area in light of this scenario. 

Atmospheric Contamination and Water Chemistry.  Atmospheric contamination by 

both domestic and foreign anthropogenic chemicals has been documented in the Pacific 

Northwest (Landers et al., 2010; Geiser and Neitlich, 2007; Weiss-Penzias et al., 2006; 

Jaffe et al., 2005; VanCuren, 2003).  Monks et al. (2009) determined over 35 Tg of SO2 

was emitted in East Asia in 2003, the highest year on record.  A trend in this emissions 

data depicts increases in sulfur dioxide (SO2) emissions in East Asia from 1990 to 2003, 
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while European and North American emissions continue to fall.  Similar trends exist with 

nitrous oxides (NOx), where East Asian emissions are rising and North American and 

European emissions are falling.  As of 2003, peak NOx emission levels of record, 

according to Monks et al. (2009), existed for East Asia in 2003 with just under 20 Tg 

NO2/yr (Tg NOx was associated to Tg NO2 for data reporting).  This East Asian NOx 

emission level for 2003 is comparable to North American emissions before 2003; 

however, Asian emissions have an upward trend and European and North American 

emissions have a downward trend.  These trends are expected to continue, respectively, 

as Asia increases industrialization and Europe and North America continue increased 

regulation.   

In 2004, Weiss-Penzias et al. (2006) detected elevated carbon monoxide (CO), gaseous 

mercury (Hg), and ozone (O3) at the Mt. Bachelor Observatory (MBO), Oregon, which is 

located near several Oregon Cascade wilderness lakes examined in this current research.  

For the MBO study, kinematic back trajectories of contaminants were calculated based 

on chemical residence times and a metrological analysis.  In this way, the source of 

pollution was attributed either to domestic, northern California and western Oregon 

sources, or longer range, foreign sources from East Asian.   

Similarly, Jaffe et al. (2005) attributed contaminants observed at the MBO to an Asian 

source.  Jaffe et al. (2005) estimates total Hg emissions from Asia to be 1460 metric 

tons/yr, versus North American emissions of 202 metric tons/yr and the Oregon Hg 

emissions of 0.24 metric tons/yr (Jaffe et al., 2005, p. 3035- 3036).  Although Hg was not 
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measured for this current research, it tends to be indicative of long-range transport and 

may be desirable to track for future research.  As Asian-derived Hg contamination is 

being shown to reach the US, there is reason to believe other volatile anthropogenic 

pollutants generated in Asia may reach western North America.  The Western Airborne 

Contaminant Assessment Project (WACAP) of 2002 found polychlorinated biphenyls 

(PCBs), pesticides, nitrogen, and sulfur in atmospheric samples and lichens (respectively) 

at high elevation locations in western US national parks (Landers et al., 2010).  These 

high elevation detected chemicals may influence lake water chemistry of Cascade 

wilderness lakes.    

In Oregon, Geiser and Neitlich (2007) found that local and regional air pollution 

(generally NOx and CO from auto emissions) affects the distributions of lichen species.  

The study documented an absence of sensitive lichen species when exposed to high 

levels of automobile pollution and presence of these same species when not exposed.  

Species distributions generally reflected the spatial pattern of increasing air pollution 

intensity with increasing proximity to major cities (i.e. Portland and Eugene).  This 

pattern of lichen species distribution was described as ‘concentric circles’ representing 

increased air pollution around urban areas.  Lichen distributions (based on presence or 

absence of sensitive species and their vigor at a particular site) in the low elevation 

western Oregon Cascades indicated much less impaired air contamination than those 

around cities (Geiser and Neitlich, 2007). 

The above examples provide evidence that atmospheric contamination from both Asia 

and North America are detectable in the Pacific Northwest and Oregon Cascades.  
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Studies indicate that subsiding air contributes to dry deposition and cyclonic systems 

mixed with contaminated air masses contribute to wet deposition of atmospheric 

contaminants (Weiss-Penzias et al., 2006; Jaffe et al., 2005; Young, 1988).  A simple 

synthesis of these studies and studies from the eastern US (Brakke et al., 1988; Landers 

et al., 1988; Young, 1988) provides reason to suspect atmospheric contamination from 

Asia and North America could potentially be deposited in the Cascade Range as dry 

deposition from subsiding air masses or as wet deposition from the Cascade Range rain 

shadow effect (Orr and Orr, 2002) and potentially influence lake water chemistry, 

especially at high elevation where the WACAP documented atmospheric aerosols are 

initially intercepted by western North American landscapes (Landers et al., 2010; Weiss-

Penzias et al., 2006; Jaffe et al., 2005).      

Western Lake Survey of 1985.  In 1983, the US Environmental Protection Agency (EPA) 

established the National Surface Water Survey, which entailed characterizing lake water 

chemistry across the eastern US and the western US in an effort to determine the 

vulnerability to and impacts from acidification of the nation’s surface waters.  A subset 

of these efforts, known as the Western Lake Survey (WLS), was comprised of a thorough 

sampling of more than 700 lakes in western montane regions.  Methods, results, and 

quality assurance documents of this survey are complied in various volumes:  Population 

Descriptions and Physic-chemical Relationships — Landers et al. (1987), Data 

Compendium for Selected Physical and Chemical Variables – Eilers et al. (1987), and 

Western Lake Survey—Quality Assurance Report – Silverstein et al. (1987).  Eilers et al. 

(1989) discusses the WLS in terms of wilderness and non-wilderness lakes in another 
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publication.   Results from the survey were statistically analyzed to represent more than 

10,000 lakes (estimated true population) in the western US, broken down by subregions 

and similar geomorphic units. 

Methods for the WLS included breaking the western US into subregions and similar 

geomorphic units within subregions. Montane lakes were identified as potential sample 

sites on United States Geological Survey Maps and then randomly selected for actual 

sampling.  The lakes in this study were targeted to capture the distribution of lakes 

which are sensitive to acidification and those which exhibit acidification as part of a 

national inventory.  Lakes in particular subregions or geomorphic units represented 

subpopulations of respective classification types.  Lakes were also noted for their 

occurrence in wilderness or non-wilderness areas.  With some study sites occurring in 

remote wilderness areas and regions of national forests, helicopters and ground crews 

were used to sample target lakes in the fall of 1985 for the parameters outlined in Table 

1.  Samples were generally analyzed within 0-10 days (overwhelming majority were 

analyzed within 0-2 days) at field and proximate laboratories.  Additionally, physical lake 

parameters such as distance from the sea, elevation, longitude and latitude, estimated 

volume, estimated residence time, and size were measured or calculated at each lake 

(Appendix C Tables 2, 5, 8, 11, 14, 17) (Eilers et al., 1987; Landers et al., 1987; Silverstein 

et al., 1987). 

Results from the WLS indicated that the western US had extremely dilute water which 

was very sensitive to acidification, this was especially true for the lakes in the Oregon 



15 
 

 

Cascades and Sierra Nevada Mountains (Eilers et al., 1989; Landers et al., 1987).  These 

results agree with various other studies of the Pacific Northwest Cascade lakes in 

concluding that lacustrine waters of this region are inherently dilute and especially 

sensitive to acidification due to their unique underlying geology, hydrology, and 

chemical processes (Loranger and Brakke, 1998; Eilers et al., 1996; Newell and Bernert, 

1996; Young et al., 1988; Nelson, 1985; Nelson and Delwiche, 1983).   

Available literature on lake water chemistry provides a framework for selecting 

appropriate monitoring methodology and identifying factors that control the chemical 

compositions.  Numerous studies have demonstrated that lake water chemistry can 

reflect anthropogenic perturbation, especially from atmospheric contamination in the 

US (Landers et al., 2010; Galloway et al., 2003; Eilers et al., 1989; Brakke et al., 1988; 

Landers et al.,1988; Loranger and Brakke, 1988; Young et al., 1988).  Monitoring the 

chemistry of a lake over time can reveal whether conditions are stable or changing.  If 

water chemistry is changing, the type and magnitude of change can be used to 

determine whether the cause is natural or related to human activities.  An inventory of 

eastern US lakes found the chemistry of northeastern US lakes to be changing.  Decadal 

monitoring and analysis of water chemistry parameters such as ANC, pH, and SO4
-2 

yielded a conclusion that the lakes had become or were becoming acidified due to 

contamination via anthropogenic acid precipitation (Landers et al., 1988).   

Lake chemistry data, especially in remote and near-pristine ‘wilderness regions’, can be 

used to determine whether a lake bearing region is under the influence of 
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anthropogenic contaminates, such is the case the with sulfate deposition in 

Northeastern US.  Many wilderness lakes in the Pacific Northwest are located in regions 

where exposure to atmospheric contamination is, or at least has been limited due to 

topography or distance from sources of contamination (Eilers et al., 1989).  If these lakes 

have a low capacity to buffer acidic additions then changes in lake water chemistry can 

result from exposure to atmospheric deposition of anthropogenic chemicals (especially 

sulfur dioxide which creates sulfuric acid in precipitation and sulfate in lakes) and 

adversely affect aquatic and surrounding terrestrial ecology.  Consideration of this 

recently discussed literature, especially with the threat of atmospheric deposition and 

climate change, warrants a need to rigorously monitor Oregon Cascade wilderness lakes 

to evaluate the status and trend of regional and local lake water chemistry.  Seasonal, 

interannual, and even continuous monitoring of lake water chemistry at select lakes can 

assist in the understanding of not only water chemistry dynamics in the Oregon 

Cascades, but also the influences from potential contamination. 
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  Table 1:  Parameters of Western Lake Survey 1985 and 2009 Studies 

  

Parameter Formula WLS 1985 2009

Acid Neutralizing Capacity ANC X

Bicarbonate Alkalinity HCO

₃

¯ X X

Chloride Cl¯ X X

Fluoride F

⁻

X X

Nitrate NO

₃

¯ X X

Sulfate SO

₄

¯² X X

Carbonate CO

₃

¯² X X

Phosphate PO

₄

¯³ X

X X

Ammonium NH

₄⁺

X X

Calcium Ca

⁺

² X X

Magnesium Mg

⁺

² X X

Potassium K

⁺

X X

Sodium Na

⁺

X X

Dissolved Inorganic Carbon DIC X

Dissolved Organic Carbon DOC X X

Total Phosphorus Total P X X

Total Nitrogen Total N X

Total Dissolved Solids TDS X

Dissolved Oxygen DO X

Dissolved Oxygen Saturation DO% Sat X

Extractable Aluminum Ext Al X

Total Aluminum Total Al X

Manganese Mn X

Silica SiO

₂

X

Dissolved Total Iron Total Fe X X

X X

Specific Conductance SpC X X

X X

X

X

Anions

Organic Anion

Cations

Color

Turbidity

WLS 1985 parameters from Eilers et al., 1987 & Landers et al., 1987

Nutrients

Other Parameters

Temperature

pH
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Chapter 3:  Materials and Methods for Analyzing Lake Water  

Study Area 

Western Lake Survey Study Area.  The Western Lake Survey (WLS) of 1985 sampled lake 

water chemistry from over 700 lakes in five subregions of the western US region (west 

of the Great Plains and Texas).  The five subregions include:  California, Central Rockies, 

Northern Rockies, Pacific Northwest, and Southern Rockies (Figure 1).  Mountain ranges 

with lakes in wilderness and non-wilderness areas were targeted as the objective 

sample sites for the WLS.  The Cascade Mountain Range was thoroughly sampled 

throughout Oregon and Washington during the WLS (Eilers et al., 1987; Landers et al., 

1987).  For this current research, WLS sample sites located within the Deschutes and 

Willamette National Forests, Central Oregon, were targeted.  The following WLS spatial 

hierarchy pinpoints the study area:  Western Region; Pacific Northwest Subregion; 

Oregon Cascades Geomorphic Unit.  A WLS geomorphic unit is an area of uniform 

geology, typically corresponding to a continuous geologic feature such as a mountain 

range (Landers et al., 1987).       

Thesis Study Area.  Wilderness areas were chosen for this study on the basis of their 

remoteness from anthropogenic activities in order to gauge water chemistry status and 

change against WLS wilderness area baseline data.  In the Three Sisters and Waldo Lake 

Wilderness Areas, previously WLS sampled lakes were chosen along the Pacific Crest 

Trail for more ready access.  Based on the above criteria, six lakes were targeted for 

sampling (Table 2 & Figure 2).    
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 Table 2:  Lakes Sampled During 2009 Study 

  

Wilderness Area Latitude 

Three Sisters Wilderness Area 44.224 (N)

Waldo Lake Wilderness Area 43.789 (N)

Three Sisters Wilderness Area 43.814 (N)

Three Sisters Wilderness Area 43.961 (N)

Three Sisters Wilderness Area 43.921 (N)

Deschutes National Forest 43.805 (N)

²Raft Lake is not located within a wilderness area

(Lat/Long and WLS ID from Eilers et al., 1987 & Landers et al., 1987)

Raft Lake² 4B1-008 121.905 (W)

¹WLS ID:  Region (first number), subregion (letter), alkalinity map class (next number), & sample order (number after dash)

Krag Lake 4B1-010 121.888 (W)

Merrill Lake 4B1-065 121.901 (W)

Harvey Lake 4B1-006  122.036 (W)

Helen Lake 4B1-054 122.017 (W)

Lake Name WLS ID¹ Longitude

Campers Lake 4B1-013 121.867(W)
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Figure 1:  Western Lake Survey Western Subregions and Alkalinity Classes, Acid 
Neutralizing Capacity of regions based off of measured WLS water chemistry results 
(lower alkalinity values depict lower buffering capacities), Map from Eilers et al. (1987) 
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Figure 2:  Google Earth Image of Lake Distribution in 2009 Research Study Area 
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Field Methods 

Lake sampling methods for this study followed those of the rigorous WLS as closely as 

possible.  Lakes were sampled within the fall overturn window between 10 September 

2009 and 4 November 2009.  All lakes were accessed by hiking during a two day trip 

covering approximately 40 kilometers. Supplies and samples were transported by 

backpack (Figures 3-5).  Samples were delivered to Corvallis for analyses within 4 days 

(most WLS samples were analyzed with 0-2 days).  Samples were collected at a depth of 

approximately one meter at approximate lake center.  The lake center was reached via 

float tube.  Waders were worn to prevent water contamination from perspiration, and 

paddles were used to minimize disturbance of sediments while reaching lake center 

(Figure 6).  One of the two liters collected at each lake was filtered in the field with a 

0.45 µm Nuclepore filter (same size filter as the WLS) and filter kit for analyses requiring 

filtration (Figure 3).  Samples were divided into two 10% HCl acid-washed polycarbonate 

plastic 0.5 L bottles (one filtered and one unfiltered) and two deionized water washed 

0.5 L bottles (one filtered and one unfiltered) according to lab protocol (USEPA, 2004).  

For transport, samples were placed in soft coolers kept at approximately 4°C via ice 

packs for transport out of the wilderness (Figures 3-5).  Once out of the wilderness, the 

samples were kept in an ice-filled cooler for transport back to Bend, Oregon where they 

were refrigerated at approximately 4°C.  Samples were then transported in ice filled 

coolers to the Oregon State University (OSU) Cooperative Chemical Analytical 

Laboratory (CCAL) for analysis in Corvallis, Oregon.  There, they were stored cool until 

they were analyzed within 5 days of collection.   
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Figure 3:  Equipment Transported into Wilderness for Sampling; filter 
beaker and kit is located at center and sample transport cooler is 
located at bottom left 

 

       

 

Figure 4:  Equipment at Campers Lake; YSI Pro-Series meter is located 
at bottom left and National Institute of Standards and Technology 
thermometer is located at bottom center 
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Figure 5:  Equipment Backpacked into Campers Lake; float tube is 
located at bottom left, backpack bottom center, and sampling 
equipment at bottom right 

 

       

 

Figure 6:  Author Paddling to Center of Merrill Lake for Sample on 
Float Tube 
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Analyses of Parameters 

Analysis Methods.  Twenty-three parameters were measured or calculated for water 

samples.  Out of the 23 parameters, 17 were analyzed in the laboratory, four were 

measured in situ, and six were calculated from laboratory results (Table 3) (some 

parameters were calculated as well as measured and some were measured in situ an 

measured at the lab). Samples collected in the field were analyzed at the Cooperative 

Chemical Analytical Laboratory (CCAL), College of Forestry, OSU, Corvallis, Oregon.  

Specific methods utilized by CCAL for the analysis of the 17 parameters are outlined in 

Table 4.  Additionally, uncertainty associated with each parameter analyzed by the CCAL 

is represented in Table 5.  Quality Assurance and Quality Control (QA/QC) of analytical 

data in the lab were conducted by CCAL according to the Quality Assurance Plan for the 

CCAL Water Analysis Laboratory (Motter and Jones, 2008).  Data were reported in mg/L 

for all 17 parameters.  Carbonate (CO3
-2) and organic anions, and carbonic acid (H2CO3) 

were calculated from CCAL data using the water chemistry analytical model MINEQL+ 

version 4.6 (Schecher and McAvoy, 2006) and various comparisons between these 

calculated parameters were made.  MINEQL+ was used to estimate bicarbonate 

alkalinity (HCO3
-) and H2CO3 under atmospherically open and closed carbon dioxide 

influences.  These open and closed to atmospheric CO2 model runs were conducted to 

determine how closely these systems adhered to equilibrium with respect to exchange 

with the atmosphere (Morel and Hering, 1993).  A detailed description of the QA/QC 

protocols for this study can be found in Appendix A.        
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Table 3:  Analysis Methods of the Major Parameters of this Research (Cooperative 
Chemical Analytical Laboratory methods by parameter are described in Table 4) 
 

 

 

  

Parameter Formula Analysis Method*

Bicarbonate Alkalinity HCO₃¯ CCAL¹ ² & Calculated´ µ

Chloride Cl¯ CCAL¹ ²

Fluoride F⁻ CCAL¹ ²

Nitrate NO₃¯ CCAL¹ ²

Sulfate SO₄¯² CCAL¹ ²

Carbonate CO₃¯² Calculated´ µ

Phosphate PO₄¯³ CCAL¹ ²
Calculated´

Ammonium NH₄⁺ CCAL¹ ² & Calculatedµ

Ammonium-ion NH₄⁺-ion CCAL & Calculated¹ ²

Calcium Ca⁺² CCAL¹ ²

Magnesium Mg⁺² CCAL¹ ²

Potassium K⁺ CCAL¹ ²

Sodium Na⁺ CCAL¹ ²

Dissolved Organic Carbon DOC CCAL¹ ²

Total Phosphorus Total P CCAL¹ ²

Total Nitrogen Total N CCAL¹ ²

Total Dissolved Solids TDS YSI Pro-Series:  In Situ³

Dissolved Oxygen DO YSI Pro-Series:  In Situ³

Dissolved Oxygen Saturation DO% Sat YSI Pro-Series:  In Situ³

Dissolved Total Iron* Total Fe CCAL¹ ²

YSI Pro-Series:  In Situ³

Specific Conductance SpC CCAL¹ ²

pH CCAL¹ ²

References:  ¹Motter and Jones, 2008; ²USEPA, 2004; ³UDWC, 2008a and UDWC 2008b; 

´Morel and Hering, 1993; µSchecher and McAvoy, 2006 (MINEQL+) 

Organic Anion

* All ionic and nutrient parameters were modeled in MINEQL+ (Schecher and McAvoy, 

2006) in addition to the above analyses for comprehensive data scenario representation

Anions

Cations

Nutrients

Other Parameters

Temperature
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Table 4:  Analysis Methods of the Cooperative Chemical Analytical Laboratory per Parameters of this Research (modified from CCAL 
website www.ccal.oregonstate.edu/methodology.htm)  
 

Analysis Symbol  Method Instrumentation
Alkalinity HCO3¯ APHA 2320, titrate to pH 4.5. Modifications: Use 0.02N Na2CO3 and 0.02N H2SO4 Radiometer TIM840 Auto-Titrator

Ammonia APHA 4500-NH3 G; EPA 350.1 Technicon Auto-Analyzer II

Calcium Ca⁺²

APHA 3111 D; flame atomic absorption spectroscopy. Modifications: nitrous oxide/ acetylene 

flame. Addition of 1 ml 50 g/1 lanthanum oxide to 10 ml sample Varian SpectrAA220

Carbon, Organic DOC APHA 5310 B

Shimadzu TOC-VCSH Combustion 

Analyzer

Chloride Cl¯ APHA 4110 B; EPA 9056A Dionex 1500 Ion Chromatograph

Specific Conductance SpC APHA 2510; Wheatstone bridge YSI model 3200

Iron Total Fe APHA 3111 B; flame atomic absorption spectroscopy Varian SpectrAA220

Magnesium Mg⁺² APHA 3111 B; flame atomic absorption spectroscopy Varian SpectrAA220

Nitrate + Nitrite NO₃¯ APHA 4500-NO3 F; EPA 353.3. Cadmium reduction method Technicon Auto-Analyzer II

Nitrogen-Total Total N APHA 4500-NO3 F; APHA 4500-P J. Persulfate digest Technicon Auto-Analyzer II

pH pH APHA 4500 H; stirred measurement with temperature compensation Radiometer TIM840 Auto-Titrator

Phosphate- Ortho 

(SRP) PO₄¯³ APHA 4500-P F; EPA 365.1. Ascorbic acid method Technicon Auto-Analyzer II

Phosphorous- Total Total P

APHA 4500-P B; APHA 4500-P E; EPA 365.2. Modifications: microwave digestion 60 minutes, 50 

ml analysis volume, Ascorbic acid method

Milton-Roy 601 Spectrophotometer with 

10 cm pathlength

Potassium K⁺ APHA 3111 B; flame atomic absorption spectroscopy Varian SpectrAA220

Sodium Na⁺ APHA 3111 B; flame atomic absorption spectroscopy Varian SpectrAA220
Sulfate SO₄¯² APHA 4110 B; EPA 9056A Dionex1500 Ion Chromatograph

Methodical References

APHA 2005. Standard Methods for the Examination of Water and Wastewater; 21st Edition; American Public Health Association, Washington, D.C.

U.S. EPA Office of Solid Waste (OSW) Methods Team; Ariel Rios Bldg. (5307W); 1200 Pennsylvania Ave. NW; Washington, DC 20460; Phone: 703-308-8855; Fax: 703-308-

0511; URL http://www.epa.gov/epaoswer/hazwaste/test/index.htm

U.S.EPA National Exposure Research Laboratory (NERL); Microbiological and Chemical Exposure Assessment Research Division (MCEARD); [formerly the Environmental 

Monitoring Systems Laboratory (EMSL), Cincinnati, OH]; 26 West Martin Luther King Drive; Cincinnati, Ohio 45268-0001; Fax: 513-569-7757

http://www.ccal.oregonstate.edu/methodology.htm
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Four other parameters, dissolved oxygen saturation (DO% Sat), dissolved oxygen 

concentration (DO), total dissolved solids (TDS), and temperature, were measured in the 

field with an YSI Pro-Series Multi-Parameter handheld data logger loaned to the project 

by the Upper Deschutes Watershed Council (UDWC) and followed UDWC QA/QC 

protocols (UDWC, 2008a; UDWC, 2008b).  Quality assurance protocols were conducted 

by the author at the UDWC-Oregon State University-Cascades Campus Water Resources 

Planning Laboratory.  An outline for the quality assurance data of the in situ samples 

taken with the YSI Pro-Series is presented in Appendix B. 

Calculated Parameters.  The MINEQL+ water chemistry analytical model was utilized to 

determine the equilibrium chemical speciation for each lake setting.  MINEQL+ is a 

thermodynamic equilibrium water chemistry model which estimates component species 

that can be present based on measured chemical concentrations and a thorough query 

of the MINEQL+ water chemistry thermodynamic database.  Outputs may then be 

analyzed for a number of model outcomes from a simple summary of species to 

predicted precipitates.  An analytical standard closed to the atmosphere (closed CO2) 

MINEQL+ run consists of entering the chemical concentrations reported from CCAL in 

molar units and running the model to determine predicted speciation (Schecher and 

McAvoy, 2006; Morel and Hering, 1993).  The same process was repeated for open to 

the atmosphere runs to determine the affects of open atmosphere exchange on the 

bicarbonate alkalinity.  Model runs were also conducted examining effects on HCO3
- and 

pH under projected 2050 CO2 atmospheric levels, as estimated by the 

Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2010).       
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The anion composition of these lakes is dominated by the carbonate system (Morel and 

Hering, 1993; Landers et al., 1987).  These species, in order of concentration at relatively 

neutral pH follow:  HCO3
-, H2CO3, and CO3

-2 (Morel and Hering, 1993).  HCO3
- and CO3

-2 

were of greater interest in this study than H2CO3 due to the lack of charge contribution 

of carbonic acid and the extremely suppressed dominance of the species at in situ pH 

levels.  The process of estimating the influence of CO2 at estimated equilibrium on lake 

water chemistry in a system which is open to the atmosphere follows: 

The volume based atmospheric CO2 concentration during study period (October 

2009) was determined via National Atmospheric and Oceanic Administration’s 

Mona Loa Observatory, CO2 October 2009:  384 ppm (Tans, 2010).  The units 

were converted to local partial pressure (PCO2) assuming a uniform atmospheric 

pressure across the study area: 

 (384 ppm CO2)/(1 atm *106) = 3.84E-4 parts CO2 

 Log(3.84E-4 parts CO2) = -3.42  

 PCO2 = 10-3.42  

The calculated PCO2 was then input into MINEQL+ and the model was run under 

otherwise identical circumstances to closed CO2 run.  Results were compared 

between measured values reported from the CCAL and differences were noted.  

The same process was repeated using Merrill Lake data in combination with IPCC 

projected 2050 CO2 levels (500 ppm) (IPCC, 2010) to obtain an idea of how HCO3
- 
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and pH may behave at equilibrium under increased atmospheric CO2 

concentrations.   

Organic Anion Calculation 

Organic anion (organic acid) contribution to charge was another calculated 

parameter in this research.  The derivation of this parameter came from a 

chemical equation, relating dissolved organic carbon (DOC), total organic acid 

(HAT ), and the average number of ionizable acid groups based on mass of 

organic carbon present (approximately 10-2), as presented by Morel and Hering 

(1993).  The following equation estimates the total organic acid concentration, 

given the DOC measure: 

  HAT (µeq/L) ≈ 10-2*DOC (g C/L)  

 Merrill Lake Organic Anion Calculation Example 

DOC = 3.06 mg C/L * 1g/1000mg = 3.06E-3 g C/L  

   10-2(3.06E-3 g C/L) ≈ 3.06E-5 eq/L 

   3.06 E-5 eq/L * 106 = 30.6 µeq/L organic anion 

According to Morel and Hering (1993), the amount of HAT which are 

deprotonated (have excess negative charge) is a fraction of the total organic acid 

estimation which is dependent on pH.  The in situ amount of active 

(deprotonated) HA is the ratio of deprotonated to total organic acid (α), supplied 
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via Morel and Hering (1993) (table 4.4, pg. 197), at the in situ pH.  The amount of 

HAT which contribute to the anion composition of measured HCO3
- is the α at in 

situ pH minus the α at the HCO3
- titration endpoint pH (pH 4.5 for this study) 

times the estimated HAT.  This amount of active HA affecting the measured 

HCO3
- must be subtracted from the measured value to better represent the true 

alkalinity and correct for the influence of these organic anions on the titration.   

Deprotonated HA Equations: 

α in situ*HAT = HA active groups in situ 

(α in situ – α at pH 4.5)*HAT = HA active groups affecting HCO3
- 

 Harvey Lake Active HA in situ Calculation Example 

  In situ pH = 6.50; HAT = 15.20 µeq/L 

  α at pH 6.50 = 0.942 (Morel and Hering, 1993) 

  0.942*15.20 µeq/L = 14.32 µeq/L active HA in situ 

Harvey Lake Active HA Affecting Measured HCO3
- Calculation Example 

In situ pH = 6.50; HCO3
- endpoint pH = 4.50; HAT = 15.20 µeq/L 

  α at pH 4.50 = 0.620; α at pH 6.50 = 0.942  

  (0.942-0.620)*15.20 µeq/L = 4.89 µeq/L HA affecting HCO3
- 
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Data Comparisons.  Data from this study were compared to the WLS data (Eilers et al., 

1987).  Table 5 outlines the process for deriving and determining the analytical data 

uncertainties based on the CCAL analysis methods and corresponding quality assurance 

documentation.  Uncertainty ranges from 1985 were taken from the WLS Quality 

Assurance Report (Silverstein et al., 1987) and are presented in the bar graph 

comparisons.  Results are presented by parameter as bar graph comparisons in the 

results section (Figures 7 - 22) and comparisons of all measured and calculated 

parameters from 1985 and 2009 are presented in the tables of Appendix C.  The percent 

change results and associated 2009 data uncertainty ranges in Appendix C provide the 

reader an avenue to observe change between the two studies outside of the 2009 range 

of uncertainty.  Many of the 2009 data uncertainty ranges are relatively small; however, 

the uncertainty ranges for parameters which should be comparable for the two studies 

(i.e. HCO3
- calculations) warrant consideration when discussing the results.   

Non-parametric p-value data fits (under 95% confidence) were determined via a sign 

test and applied to bar graph comparisons.   

Excel spreadsheet p-value sign test (non-parametric) function: 

 2*BINOMDIST(X, N, 0.5, 1) 

Data were entered into Excel spreadsheets where positive or negative differences 

between sample years were noted as +1 or -1.  This tally became incorporated in the 

Excel spreadsheet as the number of lesser or grater values (whichever was more 

numerous) and was denoted X in the Excel function.   The number of positive or 
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negative changes was N in the Excel function.  The 95% confidence level was related as 

the 0.5 in the Excel function, and the number 1 was the cumulative variable 

representing true or false to the function.  Also, the multiplication of the entire function 

by two denotes that the p-value test was two-tailed.  P-value results deem significant 

difference between data sets if p-values are ≤ 0.05 and insignificant difference if ≥ 0.05.  

Statistical results of these analyses are presented in respective result figure captions.   

Precipitation record analyses for the study area since 1984 and sodium to chloride ratios 

were also examined in the results to assist in the determination of variability between 

parameters based on dilution from hydrologic variability.  Evaporative loss or excess 

precipitation inputs may affect lake water chemistry via dilution or concentration.  Also, 

the Cl-:Na+ comparison was conducted to gauge natural variability between the 

elements between study years.  If ratios are considerably off between years, there is 

reason to believe chemistry may be changing.  If ratios are considerably close between 

years, natural variability within water chemistry based on varying hydrologic inputs 

between years may be the cause for inconsistencies within parameter comparisons.  

The intent of this data presentation is to provide information about the current 

chemical status of these lakes, develop modern baseline data, and encourage further 

research rather than draw definite conclusions on lake water chemistry trends in the 

study area; more research is needed to perform the latter. 
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Table 5:  Cooperative Chemical Analytical Laboratory Precision and Accuracy Reports and Threshold Limits for Uncertainty 
Accountability in Results Comparison with 1985 Data 
 

Analysis

CCAL 

Percision & 

Accuracy

Reported 

Units

Conversion 

Factor¹

Units for 

Comparison to 

1985 Data

Uncertainty Range 

in Comparison 

Units

Transition 

Threshold²

% Uncertainty if 

Threshold 

Exceeded

Bicarbonate Alkalinity +/- 0.05 mg/L 83.26 µeq/L +/- 4.16 208.15 2%

Ammonia-Nitrogen +/- 0.003 mg/L 55.4 µeq/L +/- 0.17 3.32 5%

Calcium +/- 0.06 mg/L 49.9 µeq/L +/- 2.99 59.88 5%

Dissolved Organic Carbon +/- 0.05 mg/L NA mg/L +/- 0.16 1.00 5%

Chloride +/- 0.01 mg/L 28.2 µeq/L +/- 0.28 5.64 5%

Total Dissolved Iron +/- 0.03 mg/L 1000 µg/L +/- 30.00 600.00 5%

Total Nitrogen +/- 0.01 mg/L 1 mg/L +/- 0.01 0.20 5%

Magnesium +/- 0.02 mg/L 82.3 µeq/L +/- 1.65 32.92 5%

Nitrate-Nitrogen +/- 0.001 mg/L 71.39 µeq/L +/- 0.07 1.43 5%

Total Phosphorous +/- 0.002 mg/L 1000 µg/L +/- 2.00 40.00 5%

Phosphate +/- 0.001 mg/L 1000 µg/L +/- 1.00 20.00 5%

pH +/- 0.10 pH units NA pH units +/- 0.10 NA NA

Potassium +/- 0.03 mg/L 25.6 µeq/L +/- 0.77 15.36 5%

Sodium +/- 0.01 mg/L 43.5 µeq/L +/- 0.43 8.70 5%

Specific Conductance +/- 1.00 µs/cm 1 µs/cm +/- 1.00 50.00 2%
Sulfate +/- 0.01 mg/L 62.37 µeq/L +/- 0.62 12.47 5%
¹Conversion factors taken from Table 6 and methods section where conversion of parameters for accurate comparison was discussed

²If data in results is greater than Transition Threshold then uncertainty is +/- the reported value times the % Uncertainty if Threshold Exceeded value

Precision & Accuracy data taken from CCAL Quality Assurance Action Plan Table 8.1 (pg. 23) (http://www.ccal.oregonstate.edu/)
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Chapter 4:  Results and Discussion of Wilderness Lake Chemistry 

Results and Discussion 

Data Comparison of 2009 and 1985 Results.  The objective of this study was to compare lake 

water chemistry results from the 1985 WLS to 2009 data for several lakes in the Oregon 

Cascades.  The laboratory measured results of the 2009 study have been presented side by side 

with the 1985 WLS results in bar graphs for each parameter with available data (Figures 7 – 22).  

Error bars represent data uncertainty ranges for 1985 and 2009 data and p-value is presented 

to assist in determining differences in parameters over the 24 year sampling gap.  Median, 

maximum, and minimum values for 2009 data are presented in Table 6.  Results of the closed to 

and open to atmospheric CO2 at equilibrium comparison showed no difference in parameters 

other than bicarbonate alkalinity species and are discussed later in this chapter (full analysis for 

each lake sampled can be found in Appendix C).  Results tables with simple mathematical 

comparisons of absolute difference since 1985 and percent change since 1985 for all 

parameters are presented in Appendix C.   

Specific 2009 range of data uncertainty values according to the CCAL analytical methods and 

QA/QC is presented in Appendix C.  These uncertainty ranges are based off the CCAL precision 

and accuracy QA/QC documentation supplied via their website (Table 5), and due to variation in 

analytical methods and sampling protocols between the studies, should be considered 

objectively.  Data uncertainty ranges for 1985 data were taken from the WLS Quality Assurance 

Report (Silverstein et al., 1987).  Results from the following data comparison section (Figures 7 
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– 22) serve as the first look at these lakes over a 24 year period for which to base future studies 

on and to preliminarily gauge the current status of lake water chemistry in the study area.  

 

Table 6:  2009 Lake Water Chemistry Median, Minimum, and Maximum Values 

 

 

 

 

 

 

 

 

Parameters 2009 Median 2009 Minimum 2009 Maximum Units

Specific Conductance 9.5 4.2 15.1 µS/cm

NO₃¯ 0.14 0.07 0.36 µeq/L

NH₄⁺ 0.85 0.36 2.3 µeq/L

Mg⁺² 17.7 6.6 32.1 µeq/L

Na⁺ 32.6 13.9 47.0 µeq/L

K⁺ 7.8 4.1 10.5 µeq/L

F¯ 0.79 0.0 2.1 µeq/L

Cl¯ 9.2 7.3 11.8 µeq/L

Fe 30.0 20.0 60.0 µg/L

SO₄¯² 1.3 ND 4.4 µeq/L

Ca⁺² 34.9 10.9 57.9 µeq/L

DOC 1.9 1.5 3.1 mg/L

Total P 4.0 3.0 10.0 µg/L

Titrated HCO₃¯ 105.7 47.5 161.5 µeq/L

pH 6.8 6.1 7.1

2009 data taken from directly measured values (none were calculated)
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Figure 7:  pH Comparisons of 1985 and 2009 Data (p-value is 1.31, ≥ 0.05); 2009 data 
uncertainty is 0.1, 1985 uncertainty is 0.05  
 

 
 

Remarkable consistency between pH comparisons of the two studies over the 24 year sampling 

period were found for each lake (Figure 7).  Raft Lake and Merrill Lake indicate virtually no 

change and Campers and Helen Lakes show a slight drop in pH while Harvey and Krag Lakes 

exhibited increases.  All documented changes in pH were within the 2009 and 1985 uncertainty 

ranges except for Helen Lake which decreased by 0.4 pH units since 1985.  Lakes in this region 

are expected to be slightly acidic due to high silicate and aluminum content of High Cascades 

geology.  Interestingly, pH values of the lakes sampled in 2009 were mostly between neutral 

and slightly acidic and correlate to concentrations of ANC (Figures 7 & 9).  It can be inferred that 
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ANC is controlling pH in these lakes, although values are relatively small compared to lakes 

elsewhere in the US (Eilers et al., 1987; Landers et al., 1987). 

 
Figure 8:  Sodium Comparisons of 1985 and 2009 Data (p-value is 0.03, ≤ 0.05); 2009 data 
uncertainty is 5%, 1985 uncertainty is 10% 
 

 
 

Sodium concentrations exhibited an increase of varying magnitude at every lake sampled in 

2009 (Figure 8).  Increases were within uncertainty ranges at Harvey and Helen Lakes and 

outside uncertainty ranges at Campers, Krag, Merrill, and Raft Lakes.  The increases ranged 

from 3.0 to 9.0 µeq/L.  P-value analysis indicates the differences in Na+ concentrations between 

2009 and 1985 were significant (Figure 8).  Bedrock geology for the high Cascades region is 

largely andesite and basalt.  Both andesite and basalt may have Na-containing feldspars, which 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

Campers 
Lake

Harvey 
Lake

Helen 
Lake

Krag    
Lake

Merrill 
Lake

Raft    
Lake

N
a⁺

  (
µ

e
q

/L
)

1985

2009



39 
 

 

would release Na+ to the lakes upon weathering.   Studies of geologic weathering in other 

basins in the Washington Cascades have estimated Na release from glacial stream can approach 

164 meq/m2y (Axtmann and Stallard, 1995).  While natural runoff sources could account for the 

increase in Na+ between 1985 and 2009, there are also possible atmospheric sources.  Leaitch 

et al. (2009) detected several aerosol dust plumes originating off Asia and travelling to British 

Columbia, Canada.  Calcium, Na+, NO3
-, and SO4

-2 were the major ions detected on the course 

particles in the plume.  The Mt. Bachelor Observatory, which is in close proximity to all the 

sampled lakes, has also recorded dust plumes originating in the Gobi and Tallamakan deserts 

(Fischer, 2009). 

 
Figure 9:  Acid Neutralizing Capacity (and 2009 HCO3

-) Comparisons of 1985 and 2009 Data (p-
value is 0.03, ≤ 0.05); 2009 data uncertainty is 4.2 µeq/L, 1985 uncertainty is 10% 
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Although ANC (HCO3
- in 2009) increases were documented for each lake since 1985, these 

parameters were measured via titrations to different end points (pH 4.5 for 2009 and gran 

titration for 1985) (Figure 9).  HCO3
- increases ranged from 34.5 µeq/L at Helen Lake to 13.0 

µeq/L at Campers Lake (Figure 9).  All increases were outside of uncertainty ranges expect for 

Campers Lake and p-value for data comparisons indicated significant differences.  The 

variability in these results suggest different buffering capacities within the lakes of the 2009 

study area, where lakes with high ANC exhibit qualities of relative resilience to acidification (as 

discussed later with Harvey Lake) and lakes with lower ANC exhibit qualities of relative 

susceptibility to acidification.   The above mentioned differences in methods may account for 

some of upward trends exhibited by ANC and perhaps in the 2009 anion excess (Appendix A & 

Figure 22).  A proportion of organic anions likely contribute to titrated alkalinity values.  The 

methods for determining this anion influence on alkalinity measures is discussed in the 

Methods Section and data on specific contributions of organic anions for each lake sampled in 

2009 are presented in Appendix C.  The above ANC comparisons does not account for the 

influence of organic anions affecting the titrated measure.    
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Figure 10:  Chloride Comparisons of 1985 and 2009 Data (p-value is 0.22, ≥ 0.05); 2009 data 
uncertainty is 5%, 1985 uncertainty is 10% 
 

 

Considering the Oregon Cascade’s lack of halite, the major Cl- yielding mineral when weathered, 

the source of Cl- in lake water chemistry of the Pacific Northwest is likely rainwater.  Chloride 

can come from volcanic mineral springs as well; however, it is expected that concentrations 

would be much higher in the study area if this was the cause.  We would expect to see a 

thermal signature as well.  Chloride is incorporated into rainwater via interaction with marine 

aerosols and in some regions industrial hydrochloric acid contamination (Berner and Berner, 

1996).  Chloride comparisons of 1985 and 2009 water chemistry data indicate an increase 

outside of uncertainty ranges in every lake sampled except for a decrease within uncertainty 

ranges in Helen Lake and virtually no change within uncertainty ranges in Harvey Lake (Figure 
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10).  These changes in Cl- are likely due to natural variation within catchments and individual 

residence times of precipitation derived waters in the region.     

 

Figure 11:  Fluoride Comparisons of 1985 and 2009 Data (p-value is 1.31, ≥ 0.05); no 2009 data 
uncertainty associated with this parameter, 1985 uncertainty is 10% 
 

 

Considering F- is a minor anion in water chemistry, concentrations were relatively low and 

exhibited a range of none detected (Helen and Krag Lakes) to 2.1 µeq/L in 2009 (Figure 11).  

Lack of 2009 uncertainty data renders F- comparisons insignificant; however, tentative 

differences can be inferred.  Fluoride increased by at least a factor of two in Harvey and Merrill 

Lakes, and by a factor of four in Raft Lake.  The erratic distribution of F- for the 2009 lakes 

sampled indicates great variability for the anion, although it occurs in the lakes at very low 

concentrations.  In 1985 F- concentrations were present in each lake sampled, yet never reach 
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concentrations above 1.0 µeq/L.  Fluoride can have natural and anthropogenic sources.  Natural 

sources include volatile hydrofluoric acid (HF) emissions from volcanism, marine aerosol 

incorporation into precipitation, and dissociation from F- rich geology.  Anthropogenic sources 

are typically HF emissions from industrial outputs which can acidify precipitation (Selinus and 

Alloway, 2005).  Selinus and Alloway (2005) lists F- ranges for western US surface water from 

0.8 to 30.8 mg/L and Salton Sea, CA area mudspots F- ranges from  14.0 to 15.0 mg/L.  

Considering data from the 2009 and 1985 lake water chemistry studies indicate F- 

concentrations much lower than the bottom of these ranges (Figure 11), it can be concluded 

that the F- present in these lakes is at trace levels and likely doesn’t indicate impairment of F- 

from the atmosphere or geology. 
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Figure 12:  Nitrate Comparisons of 1985 and 2009 Data (p-value is 0.22, ≥ 0.05); 2009 data 
uncertainty is 0.07 µeq/L, 1985 uncertainty is 10% 
 

 
 

Nitrate concentrations were relatively low for each lake sampled in 2009 and 1985; however, a 

relatively large concentration was found in Harvey Lake during the 1985 study (Figure 12).  

Additionally, NO3
- exhibited slight increases for each lake sampled in 2009, except for Harvey 

Lake which indicated a decrease outside of uncertainty ranges.  These increases were within 

uncertainty ranges for Campers, Helen and Raft Lake and outside uncertainty ranges for Krag 

and Merrill Lakes.  Likely reasons for the large difference in NO3
- between the two studies are 

discussed in the following section.  Nitrate is an anion that may have natural and/or 

anthropogenic sources.  According to Berner and Berner (1996), 65% or nitrate in the 

atmosphere comes from anthropogenic sources and the other 35% is from natural processes 

such as lightning fixation and chemical oxidation of atmospheric ammonia.  Berner and Berner 
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(1993) also illustrate that the Pacific Northwest has some on the lowest NO3
- rainwater 

concentrations in the continental US, approximately 0.7 µeq/L.  Considering NO3
- 

concentrations for 2009 were all below the average rainwater values for this region, it can be 

definitively stated that anthropogenic NO3
- does not seem to be an issue in the Oregon Cascade 

wilderness lakes sampled.  Other natural sources of NO3
- occurring in the lakes via N-cycle 

processes are discussed in the Nitrate and Ammonium Concentrations section.          

 

Figure 13:  Ammonium Comparisons of 1985 and 2009 Data (p-value is 0.22, ≥ 0.05); 2009 data 
uncertainty is 0.17 µeq/L, 1985 uncertainty is 10% 
 

 
 

Ammonium concentrations exhibited increases for every lake except for Harvey Lake, which, 

interestingly, had a NO3
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+ value (Figures 12 & 13).   
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Raft Lake.  Berner and Berner (1996) presented approximate NH4
+ concentrations in rainwater 

of Coastal Washington of 0.02 mg/L, which is very low, compared to the rest of the US.  Sources 

of NH4
+ are typically natural, consisting of mostly of biological decay, yet can be anthropogenic 

via fertilizers and waste (Berner and Berner, 1996).  Another interesting result of the NH4
+ 

concentrations for 2009 and 1985 is that they are almost always higher than the NO3
- 

concentrations (Appendix C).  This phenomenon should not occur according to the N-cycle and 

in situ lake water pH and DO concentrations documented in 2009 (Wetzel, 2001; Morel and 

Hering, 1993).  This abnormal finding is discussed later in the Nitrate verse Ammonium 

Concentrations Section.  
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Figure 14:  Sulfate Comparisons of 1985 and 2009 Data (p-value is 1.31, ≥ 0.05); 2009 data 
uncertainty is 0.6 µeq/L, 1985 uncertainty is 10%  
 

 
 

Sulfate concentration comparisons indicated varying, yet extremely low concentrations for the 

parameter measured in 2009.  Increases within uncertainty ranges were documented in Harvey 

and Krag Lakes and decreases within uncertainty ranges were noted in Campers and Raft Lakes.  

Changes outside of uncertainty ranges consisted of an increase in Merrill Lake and a decrease in 

Helen Lake (Figure 14).  According to Berner and Berner (1996) sulfate concentrations in Costal 

Washington rainwater are approximately 0.7 mg/L and among some of the lowest 

concentrations in the world.  Sulfate is a chemical with anthropogenic and natural sources.  

Natural sources can consist of marine aerosols and volcanism, while anthropogenic sources 

consist primarily of industrial emissions and sulfate bearing coal burning (Landers et al., 1988; 

Loranger and Brakke, 1988; Wetzel, 2001).  However, the very low SO4
-2 concentrations 
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(Appendix C) in the lakes sampled illustrate the study area’s lack of impact from major SO4
-2 

deposition over the past 24 years, especially when compared to eastern US lakes discussed 

later in the chapter.   

 

Figure 15:  Calcium Comparisons of 1985 and 2009 Data (p-value is 0.69, ≥ 0.05); 2009 data 
uncertainty is 3.0 µeq/L, 1985 uncertainty is 10%  
 

 
 

Calcium increases were documented for each lake except Campers and Raft.  Changes within 

uncertainty were exhibited in Helen, Krag, and Raft Lakes and changes outside uncertainty 

ranges were documented in Campers, Harvey, and Merrill Lakes (Figure 15).  Similar to Na+, 

aerosol dust sources of Ca+2 may potentially contribute to ionic composition and Ca+2 increases 

in these lakes (Leaitch et al., 2009).   However, High Cascades geology is likely a causal factor in 

the water chemistry concentrations of Ca+2.  The andesite and basalt dominant geology rich in 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

Campers 
Lake

Harvey 
Lake

Helen 
Lake

Krag    
Lake

Merrill 
Lake

Raft    
Lake

C
a⁺

² 
(µ

e
q

/L
)

1985

2009



49 
 

 

feldspars are again a likely source of Ca+2 via weathering (Berner and Berner, 1996).  

Additionally, the shapes of Ca+2 graphs reflect the shapes of specific conductance graphs, 

corroborating Wetzel’s (2001) correlation between salinity, conductance, and Ca+2 (Figures 15 & 

20).  This correlation was predicted, considering Ca+2 is one of the most dominate cations 

contributing to specific conductance in this region’s lake water chemistry. 

 

Figure 16:  Magnesium Comparisons of 1985 and 2009 Data (p-value is 1.31, ≥ 0.05); 2009 data 
uncertainty is 1.6 µeq/L, 1985 uncertainty is 10% 
 

 
 

Magnesium concentration comparisons indicate a decrease for every lake sampled in 2009 

except for Krag Lake where there was virtually no change.  All changes were within uncertainty 

ranges expect for the decreases in Campers and Raft Lakes (Figure 16).  Although very high 

Mg+2 and Ca+2 concentrations can indicate acidification via a ANC type reaction of these cations 
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to high acid concentrations, values represented in the 2009 and 1985 studies, in combination 

with pH (Figure 7), likely indicate natural variation of Mg+2 via chemical weathering of local 

geology and precipitation inputs (du Bray et al., 2006; Wetzel, 2001; Berner and Berner, 1996).  

Likely sources of Mg+2 in the Oregon Cascades Wilderness lakes studied are from soil and 

geology dissociation and marine derived aerosols incorporating the cation into precipitation 

(Berner and Berner, 1996).  However, the lakes sampled in 2009 ranged from 91 to 96 km from 

the Oregon Coast.  This distance greatly reduces the likelihood of marine aerosols dominating 

lake water chemistry according to a study by Eilers et al. (1993) documenting influences of 

marine aerosols on lake water chemistry as a function of distance from the coast.  Considering 

the drivers behind Mg+2 in water chemistry and the stable pH (Figure 7) and relatively low (in 

lake acidification terms) Ca+2 (Figure 15), it can be inferred that the Mg+2 dynamics exhibited 

between the 24 year sampling period and among lakes is due to natural variability.    
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Figure 17:  Potassium Comparisons of 1985 and 2009 Data (p-value is 0.03, ≤ 0.05); 2009 data 
uncertainty is 0.8 µeq/L, 1985 uncertainty is 10% 
 

 
 

Potassium exhibited increases outside of uncertainty ranges for each lake sampled in 2009, 

except for Helen Lake which exhibited an increase within uncertainty ranges (Figure 17).  

Similar to ANC and Na+ comparisons, p-value analysis indicate changes in K+ over the 24 year 

sampling gap were significant.  Sources of K+ are typically natural and come from marine 

aerosols affecting rainwater and leaching of K-feldspars and soil (Berner and Berner, 1996).  The 

uniform increase in K+ concentrations across the 2009 lakes sampled was shared only by ANC 

(Figure 8) and Na+ (Figure 9).  Wetzel (2001) described a correlation between Na+ and K+ 

distributions, suggesting the parameters typically reflect each other.  Evidence of this 

observation can be seen by the results of this study.    
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Figure 18:  Total Phosphorous Comparisons of 1985 and 2009 Data (p-value is 0.38, ≥ 0.05); 
2009 data uncertainty is 2.0 µg/L, 1985 uncertainty is 20% 
 

 
 

Phosphorous is a vital nutrient in lacustrine ecology.  Concentrations of total P, along with total 

N, may reflect a lake’s trend or status as oligotrophic or eutrophic (Wetzel, 2001).  Per data in 

this 2009 study and the 1985 WLS, it can be concluded that the Oregon Cascade lakes sampled 

are oligotrophic (Eilers et al., 1987; Landers et al., 1987). Sources of P in lakes include runoff, 

precipitation, and chemical dissolution of phospine (PH3), a biogeochemical product of the 

natural phosphorous cycle under anoxic conditions typically in lake sediments (Berner and 

Berner, 1996).  The total phosphorous comparisons between the 1985 and 2009 studies 

indicate an increase for each lake sampled in 2009 expect for a decrease in Campers Lakes and 

virtually no change in Krag Lake.  All changes except for those in Krag Lake were outside of 

uncertainty ranges (Figure 18).  Relatively large Total P concentrations are exhibited in Campers 
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Lake during both sampling periods and may be associated with dissolution of PH3 in shallow 

sediments, considering Campers Lake was among the shallowest and low capacity lakes 

sampled in 2009.  

 

Figure 19:  Dissolved Organic Carbon Comparisons of 1985 and 2009 Data (p-value is 0.69, ≥ 
0.05); 2009 data uncertainty is 5%, 1985 uncertainty is 10% 
 

 
 

Dissolved Organic Carbon is an organic carbon constituent of a water sample which is typically 

less than 0.5 µm in diameter and a represents a proxy for organic C production in lake water 

(Wetzel, 2001).  The other constituent of total dissolved C in lakes is Dissolved Inorganic 

Carbon, which was not directly measured in this study, but is effectively equivalent to the HCO3
- 

parameter once it has been corrected for DOC group contributions to the measurements.  

Wetzel (2001) explains that average DOC concentrations for oligotrophic lakes are 2.0 mg/L 
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compared to average DOC for eutrophic lakes of 10.3 mg/L.  Data from the 2009 study indicates 

four lakes increased in DOC since 1985 and the other two had a documented decrease (Figure 

19).  All of the increases and decreases in DOC were relatively small and within uncertainty 

ranges, except for the large increase outside of uncertainty ranges in Merrill Lake.  Merrill Lake 

also exhibited increases outside of uncertainty ranges for the parameters of NH4
+, NO3

-, and 

SO4
-2 (Figures 12, 13, & 14).  These increases may be due to increased nutrient influence in 

Merrill Lake since 1985, yet all of the lakes sampled for this study reflect the oligotrophic status 

via DOC analysis.   
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Figure 20:  Specific Conductance Comparisons of 1985 and 2009 Data (p-value is 0.29, ≥ 0.05); 
2009 data uncertainty is 1.0 µS/cm, 1985 uncertainty is 5% 
 

 
 

Specific conductance comparisons indicate close SpC values between each lake compared over 

the 24 year sampling gap (Figure 20).  Results of this current research indicate an excess of 

anions (Appendix A) and a general increase of ions across the 2009 lakes (Appendix C).  This fact 

is represented by the increasing SpC in Harvey, Helen, Krag, Merrill, and Raft Lakes because the 

more ions in solution, the better the water can transmit electrical current (essentially what SpC 

measures) (Nevers and Whitman, n.d.); however, the slight decrease of SpC exhibited in Campers 

Lake does not follow this trend.  Differences in SpC between the two studies were all within 

uncertainty arranges and p-value analyses indicate changes were insignificant.  Theses relatively 

low SpC values indicate the lakes of the 2009 study area are still very dilute as far as typical lake 

waters are concerned. 
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Figure 21:  Organic Anion Comparisons of 1985 and 2009 Data (2009 organic anion is total 
estimated organic anion, not proportions of active groups) 
 

 
 

Total organic anion concentrations, which were calculated from DOC in 2009, exhibited variable 

changes (Figure 21).  Merrill Lake exhibited a sizable increase, Raft and Krag Lakes indicated 

modest increases, while Helen Lake exhibited a decrease.  Harvey Lake organic anion 

concentrations remained virtually the same since 1985.  Organic anions (aka organic acids) are 

components of DOC which can contribute to a lake’s ionic change balance in a latent way; 

however, deprotonization analyses based off of pH dynamics must be conducted to determine 

these affects (Morel and Hering, 1993; Eilers et al., 1987; Landers et al., 1987; Silverstein et al., 

1987).  This analysis of deportonated (negatively charged) organic anions is presented for the 

2009 data in Appendix C.  Sources of organic anions include littoral flora breakdown, 
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phytoplankton secretion, and general organic matter decay yielding acid constituents (Wetzel, 

2001).  The organic anion graphs (Figure 21) resemble the DOC graphs (Figure 19) due to the 

proportionality of the equation used to calculate the parameter discussed earlier.  No 

uncertainty data is associated with this parameter because it was calculated in both studies.    

 

Figure 22:  Anion Excess 2009 verses Difference between 2009 HCO3
- and 1985 ANC 

 
 

Figure 22 compares the 2009 anion excess (Appendix A) to the difference between 2009 HCO3
- 

and 1985 ANC (Appendix C).  The intention of this figure is an attempt to associate causation to 

the 2009 anion excess, especially how it relates to the 1985 anion deficiency and differing 

methods of obtaining alkalinity measures discussed later in the chapter.  Interestingly, the 2009 

anion excess was smaller than the difference between alkalinity measures for every lake except 
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for Campers.  This analysis of ion unbalance indicates that the 2009 anion excess may have 

been due to the differences in methodology between the alkalinity measures.  However, 

Campers Lake cannot be as easily explained and processes driving the anion excess in this lake 

are uncertain. 

Harvey Lake and the Charlton Fire of 1996.  Harvey Lake was the only lake sampled in 2009 

which had experienced a stand replacing forest fire in recent decades since the 1985 sampling.  

Results from Harvey Lake are compared via parameters sampled in 2009 and 1985 to explore 

unique impacts on water chemistry as a result of this burn.  A sizeable increase in ANC, along 

with minor increases in F- and SO4
-2 was documented for anions (Figure 23).  The major cations, 

excluding Mg+2 also exhibited increases since 1985 and K+ increased the most for 2009 in Harvey 

Lake (Figure 24).  The documented changes in ionic composition in Harvey Lake may have been 

due to the fire’s devastating effects on the surrounding forest in 1996.  For example, the 

wilderness area surrounding Harvey Lake was completely devoid of live trees and had large 

expanses of exposed soil when sampled in October 2009.   

Dust and sedimentation inputs as a result of the fire may have led to this increase in major 

cations and ANC (measured as HCO3
- in this study).  However, it seems that Harvey Lake would 

have increased in parameters indicative of local dust and sedimentation exposure more than 

any other lake sampled in 2009, because it was the only one affected by fire.  Interestingly, 

Harvey Lake had the third highest increase in ANC, second highest increase in Ca+2, and the fifth 

highest increase in Na+ out of the lakes studied in 2009.  Parameters such as pH and SpC did, 
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however, corroborate the increase in ANC exhibited by Harvey Lake.  Specific conductance 

increased by 1.1 µS/cm and pH increased by 0.14, representing the second largest increase in 

SpC and the largest increase in pH among the lakes sampled in 2009 (Figure 25).  These pH and 

SpC increases support the notion that Harvey Lake is experiencing increases in buffering 

capacity and total dissolved solids, a phenomenon which may be due to affects from the 

Charlton fire of 1996.   

Nitrate, NH4
+, and SO4

-2 were among the highest 1985 values recorded in Harvey Lake.  

Interestingly, 2009 NO3
- and NH4

+ values were among the lowest recorded in Harvey Lake.  

Stephens et al. (2004) found that prescribed fires increased NH4
+ and Ca+2 in forest soils in the 

Lake Tahoe, CA region.  When Stephens et al. (2004) monitored local streams affected by the 

same prescribed fires they found increases in SO4
-2, NO3

-, and Ca+2.  These findings are 

consistent with observations at Harvey Lake for the parameters of Ca+2 and SO4
-2; however, the 

NH4
+ increase was not documented, it actually fell between 1985 and 2009.  It must be noted 

that the Stephens et al. (2004) study documented impacts of the fires on water quality for 

approximately 3 months, a time frame incomparable to the 13 year gap between the burn and 

sampling in 2009 for Harvey Lake.  Discussed inconsistencies may be due to the different nature 

of fires between the studies (Charlton was a devastating forest fire) and the 13 year gap 

between the fire and the 2009 sampling, where NH4
+ and NO3

+ dynamics may have reflected 

this finding going unnoticed.  It could be that the dramatic decrease in both NO3
- and NH4

+ was 

due to Charlton fire adversely affecting aquatic life in the lake since 1996 thus reducing 
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organism extrication of NH4
+, which eventually becomes the nutrient NO3

-.  This can also be 

supported by the decrease in DOC exhibited by Harvey Lake.    

Despite a large increase in ANC since 1985, Harvey Lake exhibited the largest SO4
-2 

concentration documented in 2009.  Sulfate was already high relative to other lakes in the 2009 

study area in 1985; however, the parameter increased from 3.8 µeq/L to 4.8 µeq/L (Figure 23).  

DOC concentrations in Harvey Lake dropped by 0.08 mg/L since 1985 and along with Helen 

Lake, accounted for the only decreases in DOC across the 2009 study area (Figure 25).  The 

documented changes in NH4
+, NO3

-, and DOC in Harvey Lake suggest the Charlton fire may have 

affected the lacustrine ecology by reducing allochthonous sources of N and C in the lake.  

Sulfate, however, was relatively high in Harvey Lake before the fire, and still exhibited an 

increase during the 2009 study along with a rather sizable increase in ANC and the highest 

increase in pH documented.  It can be hypothesized that a natural or anthropogenic source of 

SO4
-2 is affecting Harvey Lake water chemistry; however, acidity has not increased due to the 

lake’s increasing ANC.      
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Figure 23:  Harvey Lake Anion Comparisons 

 

Figure 24:  Harvey Lake Cation Comparison 
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Figure 25:  Harvey Lake Remaining Parameter Comparison 
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Summary of Water Chemistry Comparisons.  Comparisons exhibited numerous decreases and 

increases in parameters since 1985.  Each lake exhibited noteworthy changes in their own 

unique way and more research is needed to better understand if these changes are the result 

of long term trends or interannual variation.  However, assuming minimal analytical and 

sampling error outside of the 1985 and 2009 ranges of uncertainty, results outside of this 

uncertainty range can be warranted, although further studies to corroborate these findings and 

their likely causes are necessary.  P-value analyses indicated that only sodium, acid neutralizing 

capacity, and potassium exhibited significant changes since 1985.  Raft Lake increased in Total P 

by 3.6 µeq/L.  Merrill Lake exhibited an increase in conductance which may be explained by the 

simultaneous increase in Na+2 and Cl- contributing to total dissolved solids.  Krag Lake indicated 

a notable increase in NO3
- and DOC indicating increased production.  Helen Lake experienced a 

drop of 0.4 pH units.  Harvey Lake exhibited a relatively sizable decrease in NO3
- and NH4

+ since 

1985, likely due to the Charlton fire.  And, Campers Lake illustrated relatively large drops in 

Total P and Ca+2. 

Comparisons of gran titrated 1985 ANC to pH 4.5 endpoint titrated 2009 HCO3
- indicate an 

increase in HCO3
- at every lake sampled (Figure 9).  It is important to note these changes and 

differences may be the result of analytical error and or sampling error considering they are far 

outside the range of 2009 uncertainty.  Comparisons of Figure 22 potentially explain how an 

overestimation of HCO3
- in 2009 could have led to an anion excess.  One must also consider a 

cation deficiency exists for 2009 data and an anion deficiency exists for 1985 data.  Sulfate, a 

major indicator for anthropogenic induced change, increased outside of the range of 
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uncertainty at Merrill Lake and decreased outside the range of uncertainty at Helen Lake, while 

other lakes sampled in 2009 remained within the range (Figure 14), however, it is worth noting 

all of the SO4
-2 concentrations in 1985 and 2009 were extremely low compared to regions like 

the Northeast where 97 % of lakes sampled had sulfate concentrations of ≥ 50.0 µeq/L (Landers 

et al., 1988).  Monks et al. (2009) indicate that East Asian sulfur dioxide (SO2) emissions are 

increasing each year while European and North American emissions are declining.  As emissions 

continue to increase, evidence of Asian S may become more apparent in Oregon Cascade 

wilderness lakes.  Nitrate, however, did exhibit changes at several sites although it both 

decreased and increased in the study area and cannot be associated with a trend (Figure 12).  

Seemingly contrary to the N cycle, NO3
- was observed at lower levels than NH4

+ at all lakes 

sampled in the study area in 2009 (see discussion below) (Figures 12 & 13).  Major cations were 

relatively evenly represented at each site corroborating the expected values associated with 

Oregon Cascade geology and earlier water chemistry studies (Eilers et al., 1989; Nelson, 1985; 

Nelson and Delwiche, 1983).  In further agreement with the WLS and Nelson and Delwiche 

(1985) studies, Oregon Cascade lake water chemistry was dilute (Figure 20) and generally 

consisted of HCO3
- as the major source of anions and Ca+2 and Mg+2 as the major source of 

cations (Figures 15 & 16) (Eilers et al., 1989; Eilers et al., 1987; Nelson and Delwiche, 1983).  

Closed versus Open Atmospheric CO2.  Results of the current study were analyzed by the 

MINEQL+ thermodynamic equilibrium analytical water chemistry model in the effort to account 

for and estimate variations in chemical speciation based off different inputs and atmospheric 

conditions.  Considering the lakes in this research are free to exchange with the atmosphere, 
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and their alkalinity is dominated by the carbonate system (Morel and Hering, 1993), the 

MINEQL+ model was run under scenarios of open and closed atmospheric CO2 influences on 

the carbonate alkalinity system at estimated equilibrium.  The only difference between these 

model runs was the consideration of the partial pressure of CO2 in the open to atmospheric CO2 

model run (Appendix C).   

Appendix C contains the results from MINEQL+ model runs at estimated equilibrium under 

closed to and open to atmospheric CO2 exchange conditions.  The only difference between the 

closed and open to atmospheric CO2 model run results were the bicarbonate alkalinity species 

HCO3
- and H2CO3; however, due the dominance of HCO3

- over other carbonate species (CO3
-2 

and H2CO3) at pH levels found in the lakes of this study area, changes on the bicarbonate 

alkalinity system at estimated equilibrium were limited to HCO3
-and were thus examined for 

this study.  The HCO3
- estimated by the model under closed to atmospheric CO2 exchange 

circumstances (not accounting for the partial pressure of CO2 influences the carbonate 

alkalinity system) is very close to the original titrated HCO3
- values for each lake (off by a few 

tenths of a µeq/L for each lake; Table 7 and Appendix C).  Comparison of the open to 

atmospheric CO2 model run HCO3
- to closed to the atmosphere CO2 HCO3

-, the estimations are 

drastically different.   

For example Harvey Lake exhibits the least variability with an open to the atmosphere CO2 

HCO3
- at equilibrium of 18.3 µeq/L and a closed to the atmosphere CO2 HCO3

- at equilibrium of 

57.6 µeq/L (Appendix C Tables 4 & 6).  Measured HCO3
- for Harvey Lake was 57.4 µeq/L.  
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Campers Lake represented the most variability with an open to the atmosphere CO2 HCO3
- at 

equilibrium of 72.8 µeq/L and a closed to the atmosphere CO2 HCO3
- at equilibrium of 161.0 

µeq/L (Appendix C Tables 1 & 3).  Campers Lake measured HCO3
- was 161.5 µeq/L.   Considering 

the closed to the atmosphere CO2 estimates at equilibrium were the closest to the titrated 

HCO3
- values, it can be hypothesized that the lakes sampled in 2009 were close to equilibrium 

under modeled closed to atmospheric CO2 conditions.  Table 7 represents MINEQL+ model 

results for Merrill Lake HCO3- under estimated equilibrium for open to and closed to 

atmospheric CO2.  Also, measured HCO3
- results and HCO3

- corrections for organic anion 

deprotonated (HA) influences are presented.  Results of this nature are presented for every lake 

sampled in Appendix C.  Expanding the modeling of MINEQL+ HCO3
- under effects from 

atmospheric CO2, result for IPCC projected atmospheric CO2 levels of 500 ppm are presented in 

Table 8 (IPCC, 2010).  Results indicate a decrease in HCO3
- and an increase in pH at equilibrium 

under increased open to atmospheric CO2 exchange scenarios when letting the model 

determine pH and a sizable decreased in HCO3
- levels when using 2009 pH for Merrill Lake 

(Table 8).     
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Table 7:  Merrill Lake Parameter Estimations and Carbonate Alkalinity Modeling 

 

 

 

 

WLS ID:  4B1-065

Parameter Formula 2009 Value Units

Organic Anion (HA) Estimations

Total Calculated HA HA tot 30.60 µeq/L

Active HA groups in situ HA in situ 29.68 µeq/L
Active HA groups affecting measured HCO ₃¯ HA affecting HCO ₃¯ 10.71 µeq/L

HA Corrected Measured Carbonate Alkalinity 

Measured HCO₃¯ HCO₃¯ 143.21 µeq/L

Measured HCO ₃¯ corrected for HA contributions HCO₃¯ - HA 132.50 µeq/L

Open to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Open HCO ₃¯ at equilibrium Open HCO ₃¯ 57.80 µeq/L

Closed to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Closed HCO ₃¯ at equilibrium Closed HCO ₃¯ 143.00 µeq/L

Italics indicate parameters which were calculated or predicted
Note:  Calculated carbonate alkalinity values for open to atmospheric CO₂ were estimated using the MINEQ+ model with October 2009 partial pressure of CO₂ , HA was 

calculated from DOC and pH, & active in situ HA was included in Cl¯ value for modeling HCO₃¯ to account for organic anion influences during model runs
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Table 8:  Merrill Lake Bicarbonate Estimations under Raised Atmospheric CO₂ Conditions:  Estimated HCO₃¯ at equilibrium 
with projected IPCC 2050 atmospheric CO₂ levels (500 ppm, same as partial pressure CO₂ = 10^-3.30) 
 

WLS ID:  4B1-065

Parameter Formula 2009 Value Units
Open to Atmospheric CO ₂ Calculated Carbonate Alkalinity System, pH fixed

Estimated Open HCO ₃¯ at equilibrium (using only measured 2009 data for model inputs) 2050 Open HCO ₃¯ 76.20 µeq/L
Estimated Open HCO ₃¯ at equilibrium (including 2009 HA with Cl ¯ in addition to 2009 data for model inputs) 2050 Open HCO₃¯ considering HA 76.20 µeq/L

Open to Atmospheric CO ₂ Calculated Carbonate Alkalinity System, pH variable

Estimated Open HCO ₃¯ at equilibrium (letting model determine pH and using only measured 2009 data as inputs) 2050 Open HCO ₃¯ variable pH 122.00 µeq/L

Estimated pH at equilibrium 2050 est. pH 7.20 pH units

Italics indicate parameters which were calculated or predicted
Note:  Calculated carbonate alkalinity values for open to atmospheric CO₂ were estimated using the MINEQ+ model with IPCC estimated 2050 CO₂ partial pressure (www.ipcc-data.org/ddc_co2.html), HA was calculated from DOC and pH, & 

active in situ HA was included in Cl¯ value for modeling HCO₃¯ to account for organic anion influences during model runs
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Nitrate and Ammonium Concentrations.  The lakes sampled in 2009 all indicated NH4
+ 

concentrations slightly higher than NO3
- concentrations (Figures 12 & 13).  For example Krag 

Lake NH4
+ was 1.2 µeq/L and NO3

- was 0.4 µeq/L (Appendix C Table 10).  This occurrence is 

counter-intuitive to the Nitrogen cycle, which suggests NH4
+ would be oxidized to NO3

- in an 

oxic environment such as the surface water of the lakes in the study area (USEPA, 2002).  While 

this perplexing feature of the 2009 data cannot be definitively explained, several potential 

concepts may provide insight.  The nature of both NO3
- and NH4

+ in low concentrations, such as 

those in the 2009 lakes sampled, is extremely variable, both spatially and seasonally (Wetzel, 

2001).  Also, typical NO3
- and NH4

- data for 2009 were close to, or within the range of CCAL 

analysis uncertainty.  Another potential explanation comes when considering the relationship 

of the Nitrogen cycle and aerobic/anaerobic environments.  Under anaerobic conditions NH4
+ 

may accumulate and not directly be converted to NO3
- (USEPA, 2002), this often occurs in 

sediments.  Most of the lakes sampled in 2009 were very shallow, thus the potential for 

dissociation of NH4
+ from the sediments, affecting surface water concentrations cannot 

immediately be ruled out (Wetzel, 2001).  Another theory associates the increased NH4
+ 

concentrations with initial fall overturn processes where colder water from the surface 

displaces warmer water from the bottom which may be more anoxic and conducive to NH4
+ 

abundance rather than NO3
-.  Considering this interesting finding, the fact that most of the WLS 

lakes exhibited similar relationships between NH4
+ and NO3

-, and the potential explanations, 

more research is needed to better determine the cause of this oddity and to gauge its 

persistence and spatial and temporal distribution. 
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The interpretation of these results exposes the precision involved with comprehensive chemical 

analyses and sampling methods, in addition to the relatively dilute and thus vulnerable 

chemistry of Oregon Cascade wilderness lakes (Eilers et al., 1989; Landers et al., 1987). Per 

analysis of the data presented above, it can be inferred that the Oregon Cascade lakes, 

consisting of the six sites sampled in this study, have exhibited changes since 1985, yet not on 

the scale to indicate a trend of acidification or other anthropogenic impairment such as many 

lakes of the Eastern Lake Survey (Landers et al., 1988)  Consistent monitoring is needed to 

evaluate Oregon Cascade wilderness lake water chemistry in the future and in the face of 

potentially in periling changes, such as climate change and atmospheric contamination of 

foreign and domestic aerosols which may alter water chemistry and adversely impact aquatic 

ecology (i.e. SO2, NOx, gaseous Hg, etc.). 

Hydrologic Variation and Precipitation.  Variation in lake water chemistry composition 

between the 1985 and 2009 sampling periods have the potential to be influenced by hydrologic 

variability and precipitation dynamics between years.  These factors may have diluted or 

concentrated lake water based off the amount of water in situ for the season leading up to fall 

sampling.  To address these concerns Cl- to Na+ ratios were compared between sample years 

and the continuous annual precipitation record was examined for the study area (Figures 26 

&27).   

The annual precipitation record for Cascade Summit, located 22 km south of Harvey Lake, 

indicates variability in annual precipitation since 1984.  The initial year of record examined was 
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1984 to account for variability in the water year proceeding the years of interest (1985 and 

2009) due to the connective nature of annual precipitation and hydrologic influences.  The 

mean annual precipitation for the 25 year record was 63.9 cm (with a standard deviation of 

23.9 cm) and interestingly, the annual precipitation values for 1985 and 2009 were 53.6 cm and 

52.3 cm respectively.  Annual precipitation for 1984 was 93.7 cm and 2008 annual precipitation 

was 68.3 cm (Figure 26; NRCS, 2010).  Both 1985 and 2009 had wetter years leading up to 

them; however, the difference of less than 1 cm between 1985 and 2009 provides evidence 

that the hydrologic conditions influencing lake water chemistry between the two years was 

very comparable. 

Ratios between Cl- and Na+ in 1985 and 2009 indicate low variability between the sampling 

years.  Each lake’s Cl-:Na+ was within the maximum uncertainty rage of 10% (associated with 

the 1985 data, 2009 data uncertainty was 5%) between 1985 and 2009 and p-value analysis 

indicated changes were insignificant (Figure 27).  However, with a 5% uncertainty, decreases in 

Cl-:Na+ outside of uncertainty ranges are apparent for Helen and Harvey Lakes.  Also, under this 

hypothetical 5% uncertainty, an increase outside of uncertainty ranges in Cl-:Na+ is apparent for 

Raft Lake since 1985.  Due to differences in uncertainty data ranges, analysis methods, and 

sampling techniques the larger 10% data uncertainty range is accepted for this comparison.  

This analysis indicates ionic ratios of Cl- and Na+ were not different between the sampling gap 

and thus major shifts in ionic composition within lakes is not likely.        
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Figure 26:  Precipitation Record for Cascade Summit (Lat. 43.59 N, Long. 122.06 W:  22 km south 
of Harvey Lake, on the western shore of Odell Lake) from 1984 to 2009 (NRCS, 2010)  
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Figure 27:  Chloride to Sodium Ratio Comparisons from 1985 and 2009 (p-value is 1.00, ≥ 0.05); 
2009 data uncertainty is 5% for Cl- and Na+, 1985 uncertainty for these parameters is 10% each, 
the greater uncertainty is represented in the figure    
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Water Chemistry and Aquatic Ecology.  Several of the parameters measured in this study are 

imperative to properly biologically functioning aquatic ecosystems.  However, the very dilute 

and physically remote characteristics of theses lakes lessens the chemical ecological importance 

greatly, compared to a tropical lake rich with life at sea level for example (Wetzel, 2001).  

Conservative ions, those which change little under metabolic influence, for the lakes sampled 

include Mg+2, Na+, and K+.  Dynamic ions, those which are greatly influenced by metabolic 

activity, include Ca+2, organic carbon, and SO4
-2 (Wetzel, 2001).  Considering the low salinity 

(very soft water) of the lakes in this study area, many, if not all, of the chemical species present 

are essentially conservative ions, responding very little to biotic activity.  Studies of aquatic 

ecology regarding the response of these ions to biological activity typically occur in more 

productive lakes with higher salinity (harder water).  However, chemical species roles as 

micronutrients for flora and fauna obviously still apply in these lakes, despite their lack of 

abundance.  For example, Ca+2 is essential for development of many aquatic species, Na+ is 

required by many cyanobacteria species, and Mg+2 is a necessary ion for chlorophyll enzymatic 

function (Wetzel, 2001).  Also, Cl-, O2, inorganic N, and organic and inorganic C are vital for 

aquatic flora as micronutrients, photosynthesis catalysts, and fertilizers (Wetzel, 2001).   

A review by Weber-Scannell and Duffy (2007) examined the effects of Total Dissolved Solids 

(TDS) on various aquatic species ranging from invertebrates to salmonids.  Results indicated 

that virtually every species present in western US lakes studied was affected by excessive TDS, 

in one way or another.  However, TDS concentrations were commonly above 500-1000 mg/L 

before adverse impacts were documented.  The median TDS for the 2009 lakes sampled in this 
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study was 5.9 mg/L (Appendix C), very far below any of the levels with documented adverse 

impacts on aquatic biota according to the review (Scannell and Duffy, 2007).  Despite the fact 

that excessive TDS is likely not an issue for biota in this current study’s lakes, too low of a TDS 

concentration can affect osmotic cell function and ultimately prevent or limit a species’ 

prosperity (Wetzel, 2001).  The Oregon Cascade Lakes sampled in this research are isolated 

from hydrological connectivity to oceans and streams and organisms which are present have 

adapted to the natural conditions over time (except for stocked brook trout which are non-

native).   We can assume that since the measured parameters for these lakes have been 

relatively stable since the 1980’s that the aquatic ecology has also remained stable.             

Population Comparison of Western Lake Survey and 2009 Results.  In 1985, western lakes 

were generally dilute (low conductance), exhibited little evidence of acidification (neutral to 

slightly acidic pH and higher ANC (fairly comparable to this study’s HCO3
- values)), and generally 

had low sulfate (SO4
-2) concentrations (Table 7) (Eilers et al., 1989; Landers et al., 1987).  These 

chemical traits were especially apparent in the California and Oregon subregions in the WLS.  

Also, an anion deficiency for each lake sampled was reported in the WLS (Eilers et al., 1987 & 

Landers et al., 1987).  Surprisingly, the 2009 Quality Assurance/Quality Control (QA/QC) data 

(Appendix A Tables 2, 4, 6, 8, 10, 12) indicate a cation deficiency for all 2009 lakes sampled.  The 

WLS attributed the 1985 anion deficiency to unmeasured organic anions (Landers et al., 1987) 

and when the estimated organic anions are added to the ANC in 1985 data the charge balances 

become much closer in terms of electroneutrality.  The 2009 cation deficiency, however, cannot 

be explained as readily.  Rigorous QA/QC comparisons and data model run scenarios have 
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yielded no explanation for this data oddity, other than unaccounted analytical and sampling 

error and/or non-standard alkalinity measures between sampling years.   

Lake water chemistry data from this research also support characteristic WLS findings of dilute 

lakes with low ANC for the section of the Oregon Cascades geomorphic unit studied.  For 

example, SO4
-2 concentrations in 2009 were very low, ranging from ‘none detected’ (second 

lowest was 0.6 µeq/L) to 4.4 µeq/L and the six lakes had a median value of 1.2 µeq/L (Table 6).  

Similarly, conductivity values from this study ranged within 4.2 µS/cm to 15.1 µS/cm, with a 

median value of 9.4 µS/cm.  Simple analysis of results indicates a median pH value of 6.8 for the 

six lakes sampled, with a maximum of 7.1 and minimum of 6.1 respectively (Table 6).  These 

neutral to slightly acidic pH and low SO4
-2 and conductance values reinforce the WLS 1985 

finding that the Oregon Cascade lakes are still among the most dilute and near-pristine waters 

in the nation (Eilers et al., 1989; Eilers et al., 1987; Landers et al., 1987).     

Western Lake Survey Results Discussion as a Frame of Reference.  To illustrate how data from 

the WLS varied between subregions and geomorphic units, especially in terms of proximity to 

the sea and varying geology, and to obtain an idea of how these 2009 data compare to western 

lake water chemistry from 1985, a chart of median values for select parameters is presented in 

Table 9.  Site specific water chemistry can be variable according to local influential factors.  For 

example, proximity to the sea and underlying geology can affect lake water chemistry, as 

mentioned earlier considering kaolinite, gibbsite, and marine SO4
-2 aerosols.  The transport and 

presence of salts and minerals, exhibited by the phenomena of sea spray and mineral leaching 
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from geology in contact with the water, can dictate lake water chemistry and thus buffering 

capacity, pH, and specific conductance (Eilers et al., 1993; Loranger, 1988; Landers et al., 1987; 

Nelson, 1985; Nelson and Delwiche, 1983).  Examples of this site specific variability in water 

chemistry are presented via the examination of WLS data medians for three geomorphic units 

in two subregions on the West Coast.  The following is a description of subregions and 

geomorphic units to provide spatial background for the WLS medians presented in Table 9 

(Landers et al., 1988 p. 121-130):  

 Pacific Northwest subregion 

o Oregon Cascades geomorphic unit 

 Represents entire sampled extent of Oregon Cascade Mountain Range 

o Puget Lowlands geomorphic unit 

 Represents lake bearing lowlands in the Washington Cascade western 

foothills and eastern foothills of the Olympic Mountains 

 California subregion 

o Sierra Nevada geomorphic unit 

 Represents entire sampled extent of the Sierra Nevada Range 
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Table 9:  Median Western Lake Survey Values from 1985 for Select Geomorphic Units  

 

In the Pacific Northwest subregion, the Oregon Cascades, and the Puget lowlands geomorphic 

units represent very different lake water chemistries.  These differences are largely due to site 

specific climate and geology.  The Puget Lowlands consist of glacial outwash and Columbia 

basalt geologies which exhibit more glacial relic silts and clays than montane sites (Booth et al., 

2003).  Puget Lowlands have a maritime climate which is relatively wet, humid, and cool 

(WRCC, 2010a).  The combination of these spatial factors explains the relatively high amounts 

of ions, high ANC, and high conductance for lakes in this region.  In summary, geology supplies 

minerals with higher cation exchange capacities (from the glacial silts and clays), which 

increases ANC, and climate and costal location supplies sea spray chemistry inputs and likely 

atmospheric deposition of proximate urban contaminants which results in the geomorphic 

unit’s unique chemistry (Landers et al., 1987).   

Median Values 1985 Oregon Cascades Puget Lowlands Sierra Nevada Units

Specific Conductance 11.3 34.1 8.2 µS/cm

Mg⁺² 23.9 79.2 6.3 µeq/L

Na⁺ 32.6 67.4 18.7 µeq/L

K⁺ 4.6 6.2 3.6 µeq/L

Cl¯ 8.2 38.2 2.0 µeq/L

SiO₂ 4.5 5.0 2.0 µeq/L

Fe 10.6 58.5 13.8 µg/L

Ca⁺² 174.2 48.6 42.5 µeq/L

SO₄¯² 1.6 50.2 7.1 µeq/L

DOC 1.7 3.5 0.8 mg/L

ANC 92.1 202.2 59.8 µeq/L

Note:  pH statistical data and consistent Min and Max values were not available from Landers et al., 1987

Data from WLS (Landers et al., 1987)
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The siliceous basalt Oregon Cascades geology mentioned earlier, supplies the water chemistry 

with relatively little mineral input, typically with low cation exchange capacities, and thus 

results in a low ANC and dilute waters (Orr and Orr, 2002; Nelson, 1985; Nelson and Delwiche, 

1983).  Oregon Cascade climate is Mediterranean and cooler than the Puget Lowlands due to 

elevation (WRCC, 2010b).  In this geomorphic unit, winter precipitation influences a surface 

hydrology which feeds lakes of dilute and slightly acidic water; comparable to rainwater (Eilers 

et al., 1989; Nelson, 1985; Nelson and Delwiche, 1983) a notion the WLS population chemistry 

data supports (Table 9).   

The Sierra Nevada geomorphic unit, of the California subregion, represents the most dilute 

specimens of water chemistry from the WLS, especially the Sierra Nevada wilderness lakes 

sampled (Eilers et al., 1989; Eilers et al., 1987; Landers et al., 1987).  Again, this unique water 

chemistry is largely attributed to climate and geology.  Geology of the Sierra Nevada is largely 

granitic and has similar cation exchange capacity properties as the Oregon Cascades geology 

which results in low buffering capacity (USGS, 2004; Eilers et al., 1989).  Similar to the Oregon 

Cascades, the Sierra Nevada Mountains have a Mediterranean climate, yet are higher in 

elevation and thus cooler in northern regions (WRCC, 2010c).  Based on interpretations from 

Eilers et al. (1989) and median WLS data (Table 9) it can be concluded that some high elevation 

Sierra Nevada lakes are so dilute; they resemble puddles of rainwater in geomorphic landforms.   

The median results from this current study agree with the population results of the Oregon 

Cascades geomorphic unit of the WLS.  The 2009 data indicate dilute, relatively neutral pH lakes 
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with little evidence of anthropogenic or marine aerosol influences and reflect the High 

Cascades geological and climatic influence on water chemistry well.  Variation within the lakes 

sampled in 2009 is well within the WLS Oregon geomorphic unit data range and population 

representations of this study’s sample area are forecasted accurately according to the WLS 

(Tables 6 & 7).  Based off of the WLS population data statistics and Oregon Cascade population 

statistics agreement with this current study’s data (although sample size in this current study 

was not statistically significant), the trend would be hypothesized to continue in further 

modern western US water chemistry studies of these geomorphic units with higher ionic 

concentrations expected in Puget Lowlands waters lower ionic concentrations in the Sierra 

Nevada and Oregon Cascade waters.    

 Discussion of Western Lakes and Eastern Lakes.  To illustrate the notion of Oregon Cascade 

lake water chemistry’s vulnerability to change as a result of anthropogenic influences, select 

results from the Eastern Lake Survey (ELS) (sister EPA study of the WLS where lakes of the 

eastern US where sampled for lake water chemistry status) are compared to the Pacific 

Northwest subregion of the WLS.  These comparisons can then be considered with the results 

of this current study to supply the reader a frame of reference for ‘extremes’ in lake water 

chemistry, according to the WLS and ELS (ELS publication:  Landers et al., 1988).  Study sites in 

the ELS were broken down by subregion similar to the methodology of the WLS.  Illustrating 

different ends of the continuum of lake water chemistry affected by anthropogenic proxy 

inputs (such as acid precipitation, NOx, and SO4
-2 deposition), the ELS’s Northeast subregion is 

hereafter compared to Pacific Northwest WLS results: 



81 
 

 

 ELS Northeast subregion (Landers et al., 1987, p. 133) 

o 60% of lakes had ANC ≤ 200 µeq/L 

o 3.4 % of lakes had pH ≤ 5.0, and 12.9% had pH ≤ 6.0 (including the 3.4%) 

o 97.3% of lakes had SO4
-2 ≥ 50 µeq/L, and 26% had SO4

-2 ≥ 150 µeq/L 

 WLS Pacific Northwest Subregion (Landers et al., 1987, p. 124) 

o  19.5% of lakes had ANC ≤ 50 µeq/L 

o 2.4 % of lakes had pH ≤ 6.0 

o 17.1% of lakes had SO4
-2 > 50 µeq/L 

According to this comparison, Northeastern lakes had higher ANC and SO4
- concentrations and 

lower pH than the Pacific Northwest.  It is important to note that in the above comparisons of 

WLS to ELS data, the Northeast subregion was typically the most extreme in the east in terms of 

water chemistry results, and the Pacific Northeast subregion was typically the second most 

dilute and near-pristine (little evidence of anthropogenic alteration and precipitation fed), 

second to the California subregion.  Similar to the comparison of WLS geomorphic unit median 

data (Table 9), the comparisons of ELS and WLS data above indicate a drastic difference in lake 

water chemistry depending on location; although all of these differences cannot be attributed 

to anthropogenic influences (because of differences in climate, hydrology, and geology), many, 

like SO4
-2 and high acidity, especially in the Northeast subregion can be (Brakke et al., 1988; 

Landers et al., 1988; Mitchell et al., 1981).  The ELS Northeastern lakes serve as a valuable 

illustration of how lakes can become altered as a result of onset chemical changes.  

Consideration of Asian SO2 and NOx data, which indicate increasing trends for both parameters 
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since at least 1985, warrants a need to monitor lakes in the western US for the presence of the 

these chemicals as they become more abundant in future years (Monks et al., 2009; Kato and 

Akimoto, 1992).  Dilute and low buffering Oregon Cascade lakes could suffer a similar fate if 

exposed to comparable anthropogenic derived atmospheric deposition from the western US or 

Asia; a scenario which demands chemical monitoring in order to document the response of lake 

water chemistry to potential impairment.    
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Chapter 5:  Recommendations and Conclusion 

 Recommendations 

Proposed Monitoring Plan.  Based on the results of this current study, the WLS and ELS (Eilers 

et al., 1989; Landers et al., 1988; Eilers et al., 1987; Landers et al., 1987), the author 

recommends a long term monitoring plan for the lakes of the Oregon Cascades geomorphic 

unit.  As highlighted by the WLS (Eilers et al., 1987; Landers et al., 1987) and other studies 

(Eilers et al., 1996; Eilers et al., 1989; Landers et al., 1988; Loranger and Brakke, 1988; Nelson 

and Delwiche, 1983), the Pacific Northwest subregion and Oregon Cascades are near-pristine 

specimens of water chemistry and have the potential to serve as excellent indicators for 

chemical changes, whether natural or anthropogenic.  The findings of this current study fell 

short of identifying significant changes in lake water chemistry within the study area due to 

small sample sizes, inexact replication of some sample analyses, and likely, other contributing 

errors.  However, the methodology outlined in this study should be replicated in the future 

(along with aspirations of replicating the WLS methodology as closely as possible) in the effort 

of creating a database of current lake water chemistry across the Oregon Cascades for 

comparison to past, current, and future data.  Additionally, structuring future studies for more 

comprehensive statistical comparisons to baseline data will prove invaluable for effective status 

and trend assessment of lake water chemistry in the study area and perhaps other subregions 

of the WLS.  The continuation of these lake chemistry monitoring methods will ultimately 

provide evidence to potentially gauge the presence of chemical change in these near-pristine 
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lakes (as warranted by the above mentioned studies) and serve as indictors of congruencies 

between the political definition of a wilderness (Wilderness Act, 1964) and the in situ 

conditions.   

The proposed monitoring plan will follow the methodology of this study and thus the WLS.  

Considering its close proximity to the Oregon Cascades, the monitoring will be based out of 

Oregon State University-Cascades Campus (OSU-C) in Bend, Oregon and directed by Dr. Ron 

Reuter (Associate Professor of Natural Resources).  Consultation and collaboration between the 

United States Forest Service, Oregon Department of Fish and Wildlife, and Oregon State 

University main campus will also be a goal of recommended research.  Dr. Reuter will direct an 

undergraduate internship with an upper division Natural Resources student (enrolled in OSU-C) 

and a lower division science major student (enrolled at COCC).  A collaboration between OSU-C 

and Central Oregon Community College (COCC) already exists, and building on this relationship, 

Dr. Zelda Ziegler (Instructor of Chemistry) will be in charge of directing and mentoring the 

students on the chemical interpretations and calculations.  The two interns will collaborate on 

methods, organization, and interpretation of results to produce the following tasks and 

deliverables: 

 Students will sample a suite of water chemistry parameters from five lakes each 

fall (in addition to duplicate samples within lakes) 

o Samples will be analyzed at the Cooperative Chemical Analytical 

Laboratory (CCAL) in Corvallis, OR 
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 Results will be converted to units comparable to the WLS and the MINEQL+ 

model 

 Results will be run in the MINEQL+ model for QA/QC and speciation/chemical 

scenario analysis 

o Deliverable 1:  Quality Assurance/Quality Control (QA/QC) according to 

this project and the WLS will be conducted 

 Deliverable 2:  Students will compile a summary of results 

 Deliverable 3:  Students will uplink results to Oregon Explorer for universal 

access 

 Deliverable 4:  Students will present findings   

This process will be repeated each year (or every other year as funding would allow) until all 36 

Oregon Cascade lakes are sampled from the WLS, including wilderness and non-wilderness 

lakes for optimal water chemistry status representation (Eilers et al., 1987).  Lakes will then be 

sampled again after 10 years from most recent sampling.  Any lake with unique or perplexing 

results may be sampled again on a yearly or intra-annual basis to understand 

interannual/seasonal variation.  Lakes of this 2009 study will be sampled again each year during 

the course of this recommended work to further document seasonal and annual variation.  

Additionally, another internship should be created to organize all of the WLS Oregon Cascades 

geomorphic unit data into Oregon Explorer as a foundation for the database and as a thorough 

reference. 
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This relatively inexpensive approach to monitoring Oregon Cascade lake water chemistry is an 

ideal way to document data for these lakes, expose undergraduate students to valuable 

experience and professional work, and construct an Oregon Cascades water chemistry database 

representing data from WLS 1985 to the 21st century.  Expenses would only come from lab 

analyses, faculty consultation, transportation, and a modest academic stipend (this current 

study was not formally funded and cost less than $2,000 for analyses and supplies).  With the 

successful establishment of the long term monitoring plan, the scope of monitoring could 

potentially be expanded to the Pacific Northwest and even California subregions.  

 

Conclusion 

The water chemistry data presented in this study serves as a partial continuation to 1985 

baseline data for select Oregon Cascades wilderness lakes presented in the WLS.  Although 

evidence indicating the presence of atmospheric deposition of anthropogenic proxy chemicals 

was inconclusive, the study serves a valuable purpose:  gauging current water chemistry status 

of select lakes in the Oregon Cascades and providing a framework and recommendation for the 

research to be continued via an inexpensive and intellectually rewarding internship.  Chemical 

data from this study is well suited to serve as a baseline.  According to QA/QC, MINEQL+ model 

runs, and WLS comparisons, data depicted relatively well represented lake water chemistry in 

this study.  Although findings varied from lake to lake in 2009, and again between the same 

lakes between 1985 and 2009, QA/QC data indicate the analyses were sufficient at representing 



87 
 

 

the major ions by at least 21.6% off electroneutrality (Krag Lake, Appendix A Table 8) and at 

most 6.7% off electroneutrality (Merrill Lake, Appendix A Table 10), and the conductivity by at 

least 20.1% off of 0.0%, which is perfect conductivity estimation (Harvey Lake, Appendix A Table 

5) and at most 8.0% off of 0.0% (Campers Lake, Appendix A Table 3).  Potentially accounting for 

the variability in QA/QC charge balances of this study and the WLS were regular cation and 

anion deficiencies (Appendix A Tables 2, 4, 6, 8, 10, 12) respective to each study.  These 

deficiencies were attributed to unmeasured organic anions in the WLS and unaccounted 

analytical or sampling error in the current study and would be a valuable addition if addressed 

in future research (Eilers et al., 1987; Landers et al., 1987; personal communication Alan 

Herlihy, Ph.D., Senior Research Professor, Department of Fisheries and Wildlife, Oregon State 

University, Corvallis, Oregon and Kelly Falkner, Professor of Chemical Oceanography, Oregon 

State University, Corvallis, Oregon).  

 In retrospect, a few key parameters would have enabled more comparisons from the data of 

this study to the WLS.  A number of these parameters were major components of the WLS 

analyses, statistics, and population representations; however, they were unable to be analyzed 

for this project at the CCAL due to lack of the laboratory’s capability and sample size was low 

due to budget and time constraints (Eilers et al., 1987; Landers et al., 1987).  The desired 

parameters include:  ANC, dissolved inorganic carbon (DIC), silica (SiO2), manganese (Mn), 

extractable aluminum (Ex Al), and total aluminum (Total Al).  Although the lack of these 

parameters doesn’t discount the results of this study as an adequate comparison (although 
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perfectly comparable ANC values would have been highly coveted in this study) to WLS data, 

their inclusion would have represented the entire chemical picture of the lakes.   

Parameters of interest in future Oregon Cascade lake water chemistry studies include other 

anthropogenic proxy chemicals, not mentioned in the WLS.  Polychlorinated biphenyls (PCBs), 

enter the hydrologic cycle via direct source contamination and/or atmospheric contamination 

and eventually bioaccumulate up local food chains, as evidenced by the study of detection in 

the waters of Lake Tahoe and Lake Michigan (Miller et al., 2001; Datta et al., 1988).  

Additionally, a review paper by Suja et al. (2009) warns of the dangers and existence of 

perfluorniated chemicals (PFCs) in water systems, including lakes.  These compounds are 

especially dangerous due to their high water solubility and bioaccumulation potential.  Gaseous 

mercury, as mentioned earlier in this study, is reaching the western US from Asia and can have 

serious ecological and human health impacts (Jaffe et al., 2005).  Various fire retardants from 

western forest fire suppression contain countless chemical compounds which undoubtedly 

reach lakes and tributary streams in the Oregon Cascades (USGS, 2006).  Crater Lake National 

Park has been monitoring lake water quality for the past 100 years.  Within the past few 

decades, hydrocarbons have been detected in the pristine lake from nearby automobile 

combustion and boat traffic (Larson et al., 2007).  And finally, monitoring lake water chemistry 

in consideration for the Western Airborne Contaminant Assessment Project (WACAP) findings, 

which indicated high levels of PCBs and pesticides in high elevation atmospheric samples of 

western US national parks and the highest concentration of N and S in lichens ever recorded in 

these locations, would greatly aid understanding of lake water chemistry in these mountainous 
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western regions (Landers et al., 2010).  Additionally, in light of a changing climate, water 

chemistry in these wilderness lakes may change due to increased precipitation, increased fire 

frequency, and increased greenhouse gases in contact with surface waters. 

Lake water chemistry analyses which encompass the above listed parameters would further 

add to the mission of this study and gauge the true presence of humankind’s footprint in these 

remote areas and assist in tracking aquatic chemical changes over time, presumably with 

explanations of change.    

While the inclusion of the parameters mentioned above would have added to the repertoire of 

chemical comparisons for this study, the actual parameters analyzed in 2009 provide a strong 

foundation to baseline analyses of these lakes and also the Oregon Cascades geomorphic unit in 

the future.  This type of research is very important for determining processes occurring in 

America’s natural treasures and potentially could aid in their protection if impairment is 

indicated.  Collectively, the WLS, this current study, and the recommended monitoring plan will 

serve as a thumb on the pulse of one of the nation’s most pristine and sensitive wilderness 

regions.  Protected under the Wilderness Act of 1964, these wilderness lakes must remain 

‘untrammeled by man’ to maintain the current Definition of a Wilderness and research such as 

this may potentially serve as the canary in the coal mine for detecting environmental 

degradation from anthropogenic or natural sources in the future.    
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Appendix A:  Data Quality Assurance Quality Control 

Quality assurance of data received from the CCAL was conducted according to the methodology 

in the Environmental Protection Agency’s Wadeable Streams Assessment:  Water Chemistry 

Laboratory Manual (USEPA, 2004).  Methods were also checked against the Western Lake 

Survey Methods and Quality Assurance (Silverstein et al., 1987) and a principles of aquatic 

chemistry reference (Morel and Herin, 1993) for consistency wherever the data were 

comparable.  Data were prepared for charge and conductance balances, MINEQL+ model runs, 

and comparison to WLS data via conversions from mg/L to micro molar units (µM) and to micro 

equalivents per liter (µeq/L).  Due to differing analytical methods between the CCAL and the 

WLS, certain parameters had to be converted from mg/L to µeq/L using conversion factors 

which reflected the element/ion represented as the initial concentration and its charge. Units 

of µM were determined using the same methods as µeq/L; however, in µM, charge is not 

factored into the calculation and must be factored in later to represent species concentration 

and charge, just as µeq/L represents.  For example, the CCAL reported SO4
-2 as SO4

-2 -S mg/L 

(sulfur as sulfate mg/L).  To represent the actual amount of atomic weights represented in the 

particular parameter, the conversion factor had to account for the atomic weight of S, not SO4
-2 

for this concentration.  Two example calculations follow, one for sulfate ion (SO4
-2) and one for 

sulfur as sulfate (SO4
-2 -S). 

 Sulfate ion (SO4
-2) Conversion  
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(1 mg SO4
-2 )/L *(1 g/1000 mg)*(1 mole SO4

-2/96.056 g SO4
-2)*(2 mole e-/1 mole 

SO4
-2)*(1 eq/1 mole e-)*(106 µeq/1 eq) = 20.82 µeq/L 

The conversion factor for sulfate ion (SO4
-2) from mg/L to µeq/L is 20.82.  This 

conversion factor agrees with the value for converting sulfate ion (SO4
-2) in the 

WLS methodology (Landers et al., 1987). 

 Sulfur as sulfate (SO4
-2 -S) Conversion  

(1 mg S)/L *(1 g/1000 mg)*(1 mole S/32.06 g S)*(2 mole e-/1 mole S) 

*(1 eq/1 mole e-)*(106 µeq/1 eq) = 62.38 µeq/L 

The conversion factor for sulfur as sulfate (SO4
-2 -S) from mg/L to µeq/L is 62.38.  

This is in agreement with the charge balance methodology used by CCAL (USEPA, 

2004). 

Unit conversions were made for bicarbonate alkalinity (HCO3
-), nitrate (NO3

-), and SO4
-2 (Table 

9).  Phosphate (PO4
-2), Total-P, dissolved total iron (Fe) were converted directly from mg/L to 

µg/L to allow for direct comparisons to WLS data.  There was no need to convert these 

parameters to µeq/L because they were not included in the charge or conductance balance.  It 

is important to note that the CCAL measured nitrate as nitrite+nitrate and ammonium as 

ammonia.  Nitrate+nitrite values were all considered nitrate due to oxic conditions and 

relatively neutral pH in the lakes which dictate that nitrate will be the dominate species (Morel 

and Hering, 1993).   Ammonia was determined to exist in the reported concentrations due to 
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the pH of the lakes and a CCAL conversion factor for the ammonium ion to be represented from 

ammonia (Motter and Jones, 2008 & Morel and Hering, 1993).  The CCAL was not equipped to 

analyze the WLS parameters of acid neutralizing capacity (ANC), dissolved inorganic carbon 

(DIC), aluminum (Al), manganese (Mn), and silica (SiO2).   

 

Appendix A Table 1:  Conversion Factors to obtain µeq/L from mg/L 

 

 

 

The CCAL reported ammonia (NH3) as N (NH3 -N) and this study required NH4
+ for comparison 

with WLS data.  Conversion of NH3 to NH4
+ followed CCAL and US Environmental Protection 

Agency (EPA) laboratory QA/QC methods (Motter and Jones, 2008; USEPA, 2004).   

Parameter Formula Conversion Factor

Bicarbonate Alkalinity as C HCO₃¯-C

Chloride¹ Cl¯

Fluoride¹ F⁻

Nitrate as N NO₃¯-N

Sulfate as S SO₄¯²-S

Carbonate CO₃¯²

Ammonium¹ NH₄⁺

Calcium¹ Ca⁺²

Magnesium¹ Mg⁺²

Potassium¹ K⁺

Sodium¹ Na⁺

All other conversions derived according to methods section

52.60

71.39

62.37

33.30

Cations

55.40

49.90

82.30

25.60

43.50

¹Indicates conversion factor taken from Landers et al., 1987

Anions

83.26

28.20
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 Conversion of Ammonia (NH3) to Ammonium (NH4
+) 

NH3 reported in mg/L was multiplied by 18/14, which is the ratio between 

atomic mass of NH4
+ and N, thus adjusting for the NH3 measured as N, 

accounting for the extra H+, and converting it to NH4
+in mg/L.  NH4

+ values were 

converted from mg/L to µeq/L.  An example for Merrill Lake follows: 

Merrill Lake Conversion from NH3-N to NH4
+ Example 

NH3-N = 0.033 mg/L   

(0.033 mg/L NH3-N)*(18/14) = 0.042 mg/L NH4
+  

(0.042 mg/L NH4
+)*(55.40 µeq/L NH4

+)/(1 mg/L NH4
+)  

= 2.35 µeq/L NH4
+ 

Charge Balance.  After ionic parameters were run through the MINEQL+ model in µM and 

multiplied by charge to get µeq/L the data were prepared for the quality assurance charge 

balance.  According to the law of electroneutrality, aquatic systems will have a neutral overall 

charge and thus the ratio of cations to anions will be one (Brown et al., 2006; Silverstein, 1987; 

Snoeyink and Jenkins, 1980).  A charge balance is conducted to determine how accurate the 

measure of ions was for a particular water body.  The charge balance percentage is a measure 

of how well ions are represented in a sample and can reflect uncertainties in methodologies or 

missing species; if total ionic strength ≥ 100 µeq/L, then charge balance should be ≤ 5%, if total 

ionic strength ≤ 100 µeq/L then charge balance should be ≤ 20% (USEPA, 2004).  This range of 

optimal data quality is what is used in EPA studies.   
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Charge balance requires, in addition to the ions sampled, hydrogen ion (H+), hydroxide (OH-), 

and ammonium ion (NH4
+-ion) (USEPA, 2004).  H+ and OH- were calculated from simple antilog 

equations based on measured pH (Motter and Jones, 2008; USEPA, 2004): 

 Hydrogen Ion (H+) and Hydroxide (OH-) Derivations 

  H+ = 10-pH with units in M 

  OH- = 10(pH-14) with units in M 

Both H+ and OH- were converted to µM via multiplication by a factor of 106 

NH4
+-ion is a calculated value based on H+ and NH4

+ µeq/L concentrations and was used in the 

place of the NH4
+ (in µeq/L) value in the charge and conductance balances per CCAL quality 

assurance methods.  The use of additional calculations for this parameter was a correction 

necessitated by the fact that the original value for NH4
+was derived from NH3 (Motter and 

Jones, 2008; USEPA, 2004). 

 NH4
+-ion Calculation 

NH4
+-ion  = (NH4

+*Antilog pH)/(5.012E-10 +Antilog pH) 

Units for NH4
+ are µeq/L, 5.01E-10 is a constant, and Antilog pH are H+ M; NH4

+-

ion is in µeq/L;  

   Example Calculation of NH4
+-ion for Merrill Lake, pH 7  

    (0.042 mg/L NH4
+)*(55.40 (µeq/L)/(1 mg/L))  

= 2.34 µeq/L NH4
+ 
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    (2.34 µeq/L NH4
+)*(10-7.00)/(5.01E-10+10-7.00)  

= 2.32 µeq/L NH4
+-ion 

It is important to note that the CCAL and EPA methods only use the NH4
+-ion in 

the charge and conductance balances for quality assurance.  Also, the WLS data 

which will serve as the comparison for this study does not report NH4
+ as NH4

+-

ion.  The study reports NH4
+ in µeq/L (measured as an ion), thus this study will 

report NH4
+ in µeq/L (converted from NH3-N to NH4

+ in µeq/L) in all data 

comparisons with WLS data for consistency and accuracy.  Additionally, the 

difference between NH4
+ and NH4

+-ion were very small for each lake (e.g. Merrill 

Lake NH4
+ = 2.35 µeq/L and NH4

+-ion = 2.34 µeq/L). 

Once the necessary ions were in units of µM, the major anions and cations were input into a 

general molar unit charge balance equation: 

 Charge Balance Equation 

  Charge Balance = ((CatSum-AnSum)/(CatSum+AnSum))*100 

  CatSum = 2[Ca+2] + 2[Mg+2] + [K+] + [Na+] + [NH4
+-ion] 

  AnSum = [Cl-] + [HCO3
-] + 2[SO 4

-2] + [NO3
-] +3[PO₄¯³] + 2[CO₃¯²] + [F⁻] 

Conductance Balance.  Another quality assurance procedure conducted for these data was a 

conductance balance, which complements the charge balance.  The purpose of a conductance 

balance is to calculate the conductivity of a repertoire of ions and essentially compare the 
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calculated value to the laboratory measured value to determine how accurately the ionic make 

up of the water body sampled was measured.  The USEPA (2004) recommends that calculated 

conductivity should be within 10 % of measured conductivity for optimal quality assurance.  The 

conductance balance required parameters be reported in µS/cm (USEPA, 2004 & Silverstein et 

al., 1987).  The USEPA (2004) conductance balance process follows (multiplication of each ion 

below represents the conversion of data from µeq/L to µS/cm): 

 Calculated Conductance 

Calculated Conductance = ((Ca+2 *59.47)+(Cl- *76.31)+(Mg+2 *53.00)+(K+ 

*73.48)+(Na+ *50.08)+((HCO3
-+H+-OH-)*44.5)+(SO 4

-2 *80.00)+(NH4
+-ion 

*73.50)+(NO3
- *71.42)+(H+ *349.65)+(OH- *198.00)) /1000 

 Measured Conductance 

  Value reported as conductivity from CCAL (in µS/cm)  

 Conductance Balance Equation    

  Conductance Balance = ((Calculated-Measured)/(Measured))*100%  

Charge and conductance balance results for the data of this project follow in a series of figures 

(Appendix A Tables 2–13) broken down by lake sampled.  The WLS lake identification number is 

provided to indicate region, subregion, and alkalinity map class (Landers et al., 1987).  The 

charge balance tables (Appendix A Tables 2, 4, 6, 8, 10, 12) provide QA/QC data representing 

the ionic make-up of each lake sampled and the conductance balance tables (Appendix A Tables 
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3, 5, 7, 9, 11, 13) display the QA/QC data and relative between calculated conductance and 

measured conductance for the lakes sampled.   
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         Appendix A Table 2:  Campers Lake Charge Balance  

 

 

           Appendix A Table 3:  Campers Lake Conductance Balance 

 

 

 

 

 

 

WLS ID:  4B1-013

Analysis Value Units

Sum of Cations 132.24 µeq/L

Sum of Anions 174.79 µeq/L

Cations/Anions 0.76

Charge Balance -13.86 %

Difference (Cat-An) 42.55 µeq/L

WLS ID:  4B1-013

Analysis Value Units

Calculated Conductance 16.38 µS/L

Measured Conductance 15.10 µS/L

Conductance Balance 8.51 %

Difference (Cal-Mea) 1.29 µS/L
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           Appendix A Table 4:  Harvey Lake Charge Balance  

 

 

           Appendix A Table 5:  Harvey Lake Conductance Balance  

 

 

 

 

 

 

WLS ID:  4B1-006

Analysis Value Units

Sum of Cations 51.34 µeq/L

Sum of Anions 71.10 µeq/L

Cations/Anions 0.72

Charge Balance -16.14 %

Difference (Cat-An) 19.76 µeq/L

WLS ID:  4B1-006

Analysis Value Units

Calculated Conductance 6.48 µS/L

Measured Conductance 5.40 µS/L

Conductance Balance 20.07 %

Difference (Cal-Mea) 1.08 µS/L
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           Appendix A Table 6:  Helen Lake Charge Balance  

 

 

           Appendix A Table 7:  Helen Lake Conductance Balance 

 

 

 

 

 

 

WLS ID:  4B1-054

Analysis Value Units

Sum of Cations 72.09 µeq/L

Sum of Anions 98.02 µeq/L

Cations/Anions 0.74

Charge Balance -15.24 %

Difference (Cat-An) 25.93 µeq/L

WLS ID:  4B1-054

Analysis Value Units

Calculated Conductance 8.65 µS/L

Measured Conductance 7.50 µS/L

Conductance Balance 15.36 %

Difference (Cal-Mea) 1.15 µS/L
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           Appendix A Table 8:  Krag Lake Charge Balance  

 

 

           Appendix A Table 9:  Krag Lake Conductance Balance 

 

 

 

 

 

WLS ID:  4B1-010

Analysis Value Units

Sum of Cations 36.76 µeq/L

Sum of Anions 57.52 µeq/L

Cations/Anions 0.64

Charge Balance -22.02 %

Difference (Cat-An) 20.76 µeq/L

WLS ID:  4B1-010

Analysis Value Units

Calculated Conductance 4.92 µS/L

Measured Conductance 4.20 µS/L

Conductance Balance 17.19 %

Difference (Cal-Mea) 0.72 µS/L
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           Appendix A Table 10:  Merrill Lake Charge Balance  

  

 

           Appendix A Table 11:  Merrill Lake Conductance Balance 

 

 

 

 

WLS ID:  4B1-065

Analysis Value Units

Sum of Cations 136.81 µeq/L

Sum of Anions 158.08 µeq/L

Cations/Anions 0.87

Charge Balance -7.21 %

Difference (Cat-An) 21.27 µeq/L

WLS ID:  4B1-065

Analysis Value Units

Calculated Conductance 14.95 µS/L

Measured Conductance 13.30 µS/L

Conductance Balance 12.43 %

Difference (Cal-Mea) 1.65 µS/L
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           Appendix A Table 12:  Raft Lake Charge Balance  

 

 

           Appendix A Table 13:  Raft Lake Conductance Balance 

WLS ID:  4B1-008

Analysis Value Units

Sum of Cations 112.83 µeq/L

Sum of Anions 133.64 µeq/L

Cations/Anions 0.84

Charge Balance -8.44 %

Difference (Cat-An) 20.81 µeq/L

WLS ID:  4B1-008

Analysis Value Units

Calculated Conductance 12.47 µS/L

Measured Conductance 11.40 µS/L

Conductance Balance 9.36 %

Difference (Cal-Mea) 1.07 µS/L
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Appendix B:  YSI Pro-Series Quality Assurance/Quality Control 

Quality Assurance/Quality Control protocol for proper operation of the YSI Pro-Series handheld 

meter used to collect in situ grab samples for the parameters of temperature, pH, specific 

conductance, total dissolved solids, and dissolved oxygen saturation and concentration follow: 

 Necessary probe conditioning (e.g. dissolved oxygen probe cleaned and 

serviced) 

 YSI Pro-Series was calibrated for pH (2-point; pH 7 and pH 10), Specific 

Conductance (SpC) (1 mS/cm = 103 µS/cm), and DO (Calibration Cup 

Saturation method) 

 YSI Pro-Series was taken to Tumalo Creek (nearest water source to WRPL with 

similar conductivity to the cascade lakes; low conductivity) and calibration 

audited in situ for DO and temperature (temperature audited against a 

National Institute of Standards and Technology thermometer) 

 DO sample was chemically fixed with preliminary steps of titration process 

and taken back to the lab and titrated for DO audit 

 SpC and pH were calibrated audited against known standards (157 µS/cm and 

pH 7.02) 

 Data was entered into a UDWC calibration audit sheet and graded according 

to Oregon Department of Environmental Quality standards (UDWC, 2008a; 

UDWC, 2008b) 
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 Calibration audit process was repeated after the sampling to ensure data 

quality 

QA/QC data tables for the YSI Pro-Series calibration audit follow: 

 

  Appendix B Table 1:  Pro-Series QA/QC, Pre Audit 

 

 

  

 

 

 

 

Organization

Program Name

Contact Name

Number

Field equipment ID

Parameter

Date

Time

Temp (°C)

DO (mg/L)

SpC (uS/ml)

ph (SU)

Grade Temp DO SpC pH Turb

C mg/L µS/mL SU NTU

A <1.50 <=0.3 <=10% <=0.30 <=1.0

B 1.51 to 2.00 0.31 to 1.0 10.1% to 15% 0.31 to 0.50 1.1 to 2.0

Fail >2.01 >1.1 >15.1% >0.51 >2.1

Pre-sampling Field Equipment Check

Mike Logan

541-322-3135

Upper Deschutes Watershed Council

Water Quality Monitoring Program Pre-Sampling Audit

YSI Pro-Series (Loner) (Serial #: 08J100564)

Computer set to atomic time 10/4/2009 10/4/2009 A

Audit reference Audit value Field equip. value Grade

Computer set to atomic time 11:06 11:06 A

VWR NIST traceable surface water 21.1 21.6 A

Used NIST:  UDWC 52096 (DEQ LEAD Inspected 2-2-2009, Expires 2-2-2010)

Note:  Audit template courtesy of UDWC

Comments:

Winkler titration of surface water 7.2 7.5 A

148 µS/mL 157 167 A

pH 7 standard solution 7.0 7.0 A
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Appendix B Table 2:  Pro-Series QA/QC, Post Audit 

 

  

Organization

Program Name

Contact Name

Number

Field equipment ID

Parameter

Date

Time

Temp (°C)

DO (mg/L)

SpC (uS/ml)

ph (SU)

Grade Temp DO SpC pH Turb

C mg/L µS/mL SU NTU

A <1.50 <=0.3 <=10% <=0.30 <=1.0

B 1.51 to 2.00 0.31 to 1.0 10.1% to 15% 0.31 to 0.50 1.1 to 2.0

Fail >2.01 >1.1 >15.1% >0.51 >2.1

Upper Deschutes Watershed Council

Water Quality Monitoring Program Post-Sampling Audit
Mike Logan

541-322-3135

Post-sampling Field Equipment Check

Pro Series (Loner) (Serial #: 08J100564)

Audit reference Audit value Field equip. value Grade

Computer set to atomic time 10/17/2009 10/17/2009 A

Computer set to atomic time 9:55 9:55 A

VWR NIST traceable surface water 8.7 8.9 A

Winkler titration of surface water 9.8 9.8 A

Used NIST:  UDWC 52096 (DEQ LEAD Inspected 2-2-2009, Expires 2-2-2010)

Comments:

Note:  Audit template courtesy of UDWC

148 µS/mL 157 139 B

pH 7 standard solution 7.0 7.1 A
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Appendix C:  Data Comparison and Results Tables 

The format for comparison of results tables in Appendix C consist of basic side by side data 

comparisons, with 2009 uncertainty ranges, and differences in parameters since 1985 

represented in two tables, due to the large amount of data.  Organic anion calculations and 

data parameters which exhibited differences between the ‘open to atmospheric CO2’ and 

‘closed to atmospheric CO2’ MINEQL+ thermodynamic analytical water chemistry model runs 

and the organic anion calculations are presented after the primary data tables and WLS physical 

parameters table of each lake.  

Data flags consist of a grey filled cells representing below CCAL detection level and ND indicates 

‘none detected’.  It is important to note that there are calculated and measured parameters in 

the following tables.  For example, bicarbonate alkalinity (HCO3
-) was titrated in 2009 and also 

calculated in both studies.  To avoid comparisons between titrated values and calculated values 

these calculations are clearly noted in the parameter title and data entries are italicized.  

Keeping with the logic of comparing parameters of similar derivation methods, HCO3
-, which 

was titrated by the CCAL (to pH endpoint 4.5) for this research, is compared to acid neutralizing 

capacity (ANC) which was derived via a gran titration in the WLS (Landers et al., 1987).  Too 

much variability between analysis methods exists to base major chemical changes off 

comparisons between 1985 ANC and 2009 HCO3
-, since these parameters entail different 

analytical methodologies.  However, ANC and HCO3
- are similar representations of alkalinity in 

theory and are the closest comparison possible for alkalinity in this study; thus, this comparison 
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should be observed keeping the differences in methodology and pH endpoints in mind 

(personal communication with Kathryn Motter, Institute for Water and Watersheds 

Collaboratory and CCAL Manager, Oregon State University and Kelly Falkner, Professor of 

Chemical Oceanography, Oregon State University).   

It is also important to note that the 1985 study reported HCO3
-; however, it was calculated from 

parameters which were not measured in the current study (i.e. DIC).  The current study did, 

however, calculate HCO3
-, as well as organic anions and active groups at respective pH values 

for comparisons to WLS calculations and to determine the effects of open and closed CO2 

atmospheric influences on data.  Despite these calculated parameters present in both datasets, 

they are not utilized as the major comparisons for alkalinity due to incongruent basis for these 

calculations (i.e. lack of 2009 DIC).  Accompanying the data comparison tables in Appendix C are 

additional tables derived from WLS data which display physical characteristics of the lakes 

sampled.  These are included as a reference of the physical attributes of sampled lakes while 

the reader observes the water chemistry data from the two studies. 
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Appendix C Table 1:  Campers Lake Data Comparison  

 

Sampled 13 October 1985 and 12 October 2009

WLS ID:  4B1-013

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range² 

Change Since 1985 % Change

Anions

Acid Neutralizing Capacity (titrated)* ANC µeq/L 148.35 NA NA

Bicarbonate Alkalinity (titrated)^ HCO₃¯ tit. µeq/L NA 161.52 +/- 4.16

Chloride Cl¯ µeq/L 9.76 11.90 +/- 0.52 2.14 21.9%

Fluoride³ F⁻ µeq/L 0.73 0.53 NA NA NA

Nitrate NO₃¯ µeq/L 0.11 0.14 +/- 0.07 0.04 33.3%

Sulfate SO₄¯² µeq/L 1.10 0.61 +/- 0.62 -0.49 -44.7%

Carbonate⁴ CO₃¯² µeq/L 0.16 0.09 NA NA NA

Phosphate PO₄¯³ µg/L NA 0.00 +/- 1.00 NA NA

Sum of Measured Anions 160.21 174.79

Cations

Ammonium NH₄⁺ µeq/L 0.89 1.84 +/- 0.17 0.95 107.4%

Calcium Ca⁺² µeq/L 70.09 56.80 +/- 2.99 -13.29 -19.0%

Magnesium Mg⁺² µeq/L 39.16 32.20 +/- 1.65 -6.96 -17.8%

Potassium K⁺ µeq/L 8.29 10.50 +/- 0.77 2.22 26.7%

Sodium Na⁺ µeq/L 38.30 47.00 +/- 2.09 8.70 22.7%

Sum of Measured Cations 156.72 148.34

Italics indicate parameters which were calculated or predicted

*1985 Acid Neutralizing Capacity was a gran titration 

^2009 Bicarbonate Alkalinity was a titration to pH endpoint of 4.5

¹1985 data courtesy and uncertainty ranges courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 data uncertainty ranges

³F does not have CCAL detection limits available & ´CO₃¯² was calculated in this study, thus inferred changes for these parameters are NA

13.17 8.9%
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Appendix C Table 1:  Campers Lake Data Comparison Continued  

 

WLS ID:  4B1-013

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range²

Change 

Since 1985
% Change

Nutrients

Total Phosphorus Total P µg/L 14.70 10.00 +/- 2.00 -4.70 -32.0%

Total Nitrogen Total N mg/L NA 0.31 +/- 0.02 NA NA

Dissolved Inorganic Carbon DIC mg/L 1.80 NA NA NA NA

Dissolved Organic Carbon DOC mg/L 1.66 1.76 +/- 0.09 0.10 6.0%

Other Parameters

Extractable Aluminum Ext Al µg/L 33.50 NA NA NA NA

Total Aluminum Total Al µg/L 61.70 NA NA NA NA

Manganese Mn µg/L 20.00 NA NA NA NA

Dissolved Total Iron Total Fe µg/L 6.00 30.00 +/- 30.00 24.00 NA

Silica SiO₂ mg/L 7.62 NA NA NA NA

Total Dissolved Solids TDS mg/L NA 9.40 NA NA NA

Dissolved Oxygen DO mg/L NA 10.18 NA NA NA

Dissolved Oxygen Saturation DO% Sat % NA 82.45 NA NA NA

PCU 2.50 NA NA NA NA

µS/cm 15.65 15.10 +/- 1.00 -0.55 -3.5%

pH³ pH units 7.23 7.10 +/- 0.10 -0.13 -33.4%

°C 5.50 6.35 +/- 0.50 NA NA

Turbidity NTU 0.25 NA NA NA NA

Italics indicate parameters which were calculated or predicted

¹1985 data courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 uncertainty ranges

³pH % Change is based off of *H⁺+ to adjust for log scale

Temperature

Color

Conductance
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Appendix C Table 2:  Campers Lake Physical Characteristics 

 (Data courtesy of Eilers et al., 1987)

WLS ID:  4B1-013

Parameter 1985 Value Units

Elevation 1476.06 m

Latitude 44.22 decimal degrees

Longitude 121.87 decimal degrees

Distance from Coast 94.00 km

Lake Surface Area 3.20 Ha

Watershed Area 132.09 Ha

Watershed Area/Lake Area 41.28

Estimated Lake Volume 19000.00 m³

Annual Precipitation 2.03 m

Hydro Type SEEPAGE

Residence Time NA Yr
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Appendix C Table 3:  Campers Lake Parameter Estimations and Carbonate Alkalinity Modeling

  

WLS ID:  4B1-013

Parameter Formula 2009 Value Units

Organic Anion (HA) Estimations

Total Calculated HA HA tot 17.60 µeq/L

Active HA groups in situ HA in situ 17.13 µeq/L

Active HA groups affecting measured HCO ₃¯ HA affecting HCO ₃¯ 6.22 µeq/L

HA Corrected Measured Carbonate Alkalinity 

Measured HCO₃¯ HCO₃¯ 161.52 µeq/L

Measured HCO ₃¯ corrected for HA contributions HCO₃¯ - HA 155.30 µeq/L

Open to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Open HCO ₃¯ at equilibrium Open HCO ₃¯ 72.80 µeq/L

Closed to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Closed HCO ₃¯ at equilibrium Closed HCO ₃¯ 161.00 µeq/L

Italics indicate parameters which were calculated or predicted
Note:  Calculated carbonate alkalinity values for open to atmospheric CO₂ were estimated using the MINEQ+ model with October 2009 partial pressure of CO₂ , HA was 

calculated from DOC and pH, & active in situ HA was included in Cl¯ value for modeling HCO₃¯ to account for organic anion influences during model runs
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Appendix C Table 4:  Harvey Lake Data Comparison  

Sampled 16 October 1985 and 9 October 2009

WLS ID:  4B1-006

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range² 

Change Since 1985 % Change

Anions

Acid Neutralizing Capacity (titrated)* ANC µeq/L 27.60 NA NA

Bicarbonate Alkalinity (titrated)^ HCO₃¯ tit. µeq/L NA 57.45 +/- 4.16

Chloride Cl¯ µeq/L 8.07 8.18 +/- 0.41 0.11 1.4%

Fluoride³ F⁻ µeq/L 0.23 1.05 NA NA NA

Nitrate NO₃¯ µeq/L 2.18 0.07 +/- 0.07 -2.11 -96.8%

Sulfate SO₄¯² µeq/L 3.83 4.34 +/- 0.62 0.51 13.3%

Carbonate⁴ CO₃¯² µeq/L 0.01 0.01 NA NA NA

Phosphate PO₄¯³ µg/L NA 0.00 +/- 1.00 NA NA

Sum of Measured Anions 41.92 71.10

Cations

Ammonium NH₄⁺ µeq/L 2.11 0.36 +/- 0.17 -1.75 -82.9%

Calcium Ca⁺² µeq/L 11.58 16.44 +/- 2.99 4.86 42.0%

Magnesium Mg⁺² µeq/L 9.30 7.40 +/- 1.65 -1.90 -20.4%

Potassium K⁺ µeq/L 2.89 8.44 +/- 0.77 5.55 192.1%

Sodium Na⁺ µeq/L 15.75 18.70 +/- 0.94 2.95 18.8%

Sum of Measured Cations 41.62 51.34

Italics indicate parameters which were calculated or predicted

*1985 Acid Neutralizing Capacity was a gran titration 

^2009 Bicarbonate Alkalinity was a titration to pH endpoint of 4.5

¹1985 data courtesy and uncertainty ranges courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 data uncertainty ranges

³F does not have CCAL detection limits available & ´CO₃¯² was calculated in this study, thus inferred changes for these parameters are NA

29.85 108.2%



121 
 

 

Appendix C Table 4:  Harvey Lake Data Comparison Continued 

 

 
 

 

WLS ID:  4B1-006

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range²

Change 

Since 1985
% Change

Nutrients

Total Phosphorus Total P µg/L 0.20 3.00 +/- 2.00 2.80 1400.0%

Total Nitrogen Total N mg/L NA 0.23 +/- 0.01 NA NA

Dissolved Inorganic Carbon DIC mg/L 0.73 NA NA NA NA

Dissolved Organic Carbon DOC mg/L 1.60 1.52 +/- 0.08 -0.08 -5.0%

Other Parameters

Extractable Aluminum Ext Al µg/L 6.80 NA NA NA NA

Total Aluminum Total Al µg/L 36.00 NA NA NA NA

Manganese Mn µg/L 9.00 NA NA NA NA

Dissolved Total Iron Total Fe µg/L 20.00 30.00 +/- 30.00 10.00 NA

Silica SiO₂ mg/L 1.27 NA NA NA NA

Total Dissolved Solids TDS mg/L NA 3.90 NA NA NA

Dissolved Oxygen DO mg/L NA 9.21 NA NA NA

Dissolved Oxygen Saturation DO% Sat % NA 82.70 NA NA NA

PCU 0.00 NA NA NA NA

µS/cm 4.30 5.40 +/- 1.00 1.10 25.6%

pH³ pH units 6.36 6.50 +/- 0.10 0.14 -27.6%

°C 8.00 10.60 +/- 0.50 NA NA

Turbidity NTU 0.20 NA NA NA NA

Italics indicate parameters which were calculated or predicted

¹1985 data courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 uncertainty ranges

³pH % Change is based off of [H⁺] to adjust for log scale

Temperature

Color

Conductance
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           Appendix C Table 5:  Harvey Lake Physical Characteristics 

 (Data courtesy of Eilers et al., 1987)

WLS ID:  4B1-006

Parameter 1985 Value Units

Elevation 1598.05 m

Latitude 43.79 decimal degrees

Longitude 122.04 decimal degrees

Distance from Coast 91.00 km

Lake Surface Area 8.00 Ha

Watershed Area 88.06 Ha

Watershed Area/Lake Area 11.01

Estimated Lake Volume 238000.00 m³

Annual Precipitation 1.63 m

Hydro Type DRAINAGE

Residence Time 0.25 Yr
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Appendix C Table 6:  Harvey Lake Parameter Estimations and Carbonate Alkalinity Modeling

  

WLS ID:  4B1-006

Parameter Formula 2009 Value Units

Organic Anion (HA) Estimations

Total Calculated HA HA tot 15.20 µeq/L

Active HA groups in situ HA in situ 14.32 µeq/L

Active HA groups affecting measured HCO ₃¯ HA affecting HCO ₃¯ 4.89 µeq/L

HA Corrected Measured Carbonate Alkalinity 

Measured HCO₃¯ HCO₃¯ 57.45 µeq/L
Measured HCO ₃¯ corrected for HA contributions HCO₃¯ - HA 52.55 µeq/L

Open to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Open HCO ₃¯ at equilibrium Open HCO ₃¯ 18.30 µeq/L

Closed to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Closed HCO ₃¯ at equilibrium Closed HCO ₃¯ 57.60 µeq/L

Italics indicate parameters which were calculated or predicted
Note:  Calculated carbonate alkalinity values for open to atmospheric CO₂ were estimated using the MINEQ+ model with October 2009 partial pressure of CO₂ , HA was 

calculated from DOC and pH, & active in situ HA was included in Cl¯ value for modeling HCO₃¯ to account for organic anion influences during model runs
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Appendix C Table 7:  Helen Lake Data Comparison

 

 

 

 

 

Sampled 16 October 1985 and 9 October 2009  

WLS ID:  4B1-054

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range² 

Change Since 1985 % Change

Anions

Acid Neutralizing Capacity (titrated)* ANC µeq/L 55.40 NA NA

Bicarbonate Alkalinity (titrated)^ HCO₃¯ tit. µeq/L NA 89.92 +/- 4.16

Chloride Cl¯ µeq/L 7.70 7.33 +/- 0.37 -0.37 -4.8%

Fluoride³ F⁻ µeq/L 0.44 0.00 NA NA NA

Nitrate NO₃¯ µeq/L 0.08 0.14 +/- 0.07 0.06 72.8%

Sulfate SO₄¯² µeq/L 1.42 0.62 +/- 0.62 -0.80 -56.2%

Carbonate⁴ CO₃¯² µeq/L 0.03 0.01 NA NA NA

Phosphate PO₄¯³ µg/L NA 0.00 +/- 1.00 NA NA

Sum of Measured Anions 65.07 98.02

Cations

Ammonium NH₄⁺ µeq/L 0.00 0.36 +/- 0.17 0.36 NA

Calcium Ca⁺² µeq/L 22.80 26.40 +/- 2.99 3.60 15.8%

Magnesium Mg⁺² µeq/L 14.31 14.00 +/- 1.65 -0.31 -2.2%

Potassium K⁺ µeq/L 4.63 5.63 +/- 0.77 1.00 21.7%

Sodium Na⁺ µeq/L 23.36 25.70 +/- 1.29 2.34 10.0%

Sum of Measured Cations 65.10 72.09

Italics indicate parameters which were calculated or predicted

*1985 Acid Neutralizing Capacity was a gran titration 

^2009 Bicarbonate Alkalinity was a titration to pH endpoint of 4.5

¹1985 data courtesy and uncertainty ranges courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 data uncertainty ranges

³F does not have CCAL detection limits available & ´CO₃¯² was calculated in this study, thus inferred changes for these parameters are NA

34.52 62.3%



125 
 

 

Appendix C Table 7:  Helen Lake Data Comparison Continued 

WLS ID:  4B1-054

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range²

Change 

Since 1985
% Change

Nutrients

Total Phosphorus Total P µg/L 0.90 3.00 +/- 2.00 2.10 233.3%

Total Nitrogen Total N mg/L NA 0.21 +/- 0.01 NA NA

Dissolved Inorganic Carbon DIC mg/L 0.77 NA NA NA NA

Dissolved Organic Carbon DOC mg/L 1.38 1.29 +/- 0.06 -0.09 -6.5%

Other Parameters

Extractable Aluminum Ext Al µg/L 8.20 NA NA NA NA

Total Aluminum Total Al µg/L 55.00 NA NA NA NA

Manganese Mn µg/L 0.00 NA NA NA NA

Dissolved Total Iron Total Fe µg/L 18.00 30.00 +/- 30.00 12.00 NA

Silica SiO₂ mg/L 4.92 NA NA NA NA

Total Dissolved Solids TDS mg/L NA 4.60 NA NA NA

Dissolved Oxygen DO mg/L NA 9.19 NA NA NA

Dissolved Oxygen Saturation DO% Sat % NA 79.05 NA NA NA

PCU 5.00 NA NA NA NA

µS/cm 6.50 7.50 +/- 1.00 1.00 15.4%

pH³ pH units 7.06 6.70 +/- 0.10 -0.36 129.1%

°C 7.00 8.80 +/- 0.50 NA NA

Turbidity NTU 0.20 NA NA NA NA

Italics indicate parameters which were calculated or predicted

¹1985 data courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 uncertainty ranges

³pH % Change is based off of [H⁺] to adjust for log scale

Color

Conductance

Temperature
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         Appendix C Table 8:  Helen Lake Physical Characteristics 

 

 

 

 

 

 

 

 

(Data courtesy of Eilers et al., 1987)

Annual Precipitation 1.63 m

Hydro Type SEEPAGE

Residence Time NA Yr

Watershed Area/Lake Area 5.18

Estimated Lake Volume 95000.00 m³

Lake Surface Area 3.00 Ha

Watershed Area 15.54 Ha

Longitude 122.02 decimal degrees

Distance from Coast 91.00 km

Elevation 1598.05 m

Latitude 43.81 decimal degrees

WLS ID:  4B1-054

Parameter 1985 Value Units
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Appendix C Table 9:  Helen Lake Parameter Estimations and Carbonate Alkalinity Modeling 

  

WLS ID:  4B1-054

Parameter Formula 2009 Value Units

Organic Anion (HA) Estimations

Total Calculated HA HA tot 12.90 µeq/L

Active HA groups in situ HA in situ 12.32 µeq/L

Active HA groups affecting measured HCO ₃¯ HA affecting HCO ₃¯ 4.32 µeq/L

HA Corrected Measured Carbonate Alkalinity 

Measured HCO₃¯ HCO₃¯ 89.92 µeq/L

Measured HCO ₃¯ corrected for HA contributions HCO₃¯ - HA 85.60 µeq/L

Open to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Open HCO ₃¯ at equilibrium Open HCO ₃¯ 29.00 µeq/L

Closed to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Closed HCO ₃¯ at equilibrium Closed HCO ₃¯ 89.70 µeq/L

Italics indicate parameters which were calculated or predicted
Note:  Calculated carbonate alkalinity values for open to atmospheric CO₂ were estimated using the MINEQ+ model with October 2009 partial pressure of CO₂ , HA was 

calculated from DOC and pH, & active in situ HA was included in Cl¯ value for modeling HCO₃¯ to account for organic anion influences during model runs
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Appendix C Table 10:  Krag Lake Data Comparison 

 

 

Sampled 15 October 1985 and 8 October 2009

WLS ID:  4B1-010

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range² 

Change Since 1985 % Change

Anions

Acid Neutralizing Capacity (titrated)* ANC µeq/L 18.20 NA NA

Bicarbonate Alkalinity (titrated)^ HCO₃¯ tit. µeq/L NA 47.46 +/- 4.16

Chloride Cl¯ µeq/L 5.92 8.46 +/- 0.42 2.54 42.8%

Fluoride³ F⁻ µeq/L 0.24 0.00 NA NA NA

Nitrate NO₃¯ µeq/L 0.03 0.36 +/- 0.07 0.33 1025.0%

Sulfate SO₄¯² µeq/L 1.21 1.24 +/- 0.62 0.03 2.6%

Carbonate⁴ CO₃¯² µeq/L 0.00 0.00 NA NA NA

Phosphate PO₄¯³ µg/L NA 0.00 +/- 1.00 NA NA

Sum of Measured Anions 25.60 57.52

Cations

Ammonium NH₄⁺ µeq/L 0.72 1.21 +/- 0.17 0.49 67.8%

Calcium Ca⁺² µeq/L 8.68 10.98 +/- 2.99 2.30 26.5%

Magnesium Mg⁺² µeq/L 6.42 6.58 +/- 1.65 0.16 2.6%

Potassium K⁺ µeq/L 2.69 4.09 +/- 0.77 1.41 52.3%

Sodium Na⁺ µeq/L 10.48 13.90 +/- 0.43 3.42 32.6%

Sum of Measured Cations 28.99 36.76

Italics indicate parameters which were calculated or predicted

*1985 Acid Neutralizing Capacity was a gran titration 

^2009 Bicarbonate Alkalinity was a titration to pH endpoint of 4.5

¹1985 data courtesy and uncertainty ranges courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 data uncertainty ranges

³F does not have CCAL detection limits available & ´CO₃¯² was calculated in this study, thus inferred changes for these parameters are NA

29.26 160.8%
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Appendix C Table 10:  Krag Lake Data Comparison Continued 

 

 

WLS ID:  4B1-010

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range²

Change 

Since 1985
% Change

Nutrients

Total Phosphorus Total P µg/L 4.00 4.00 +/- 2.00 0.00 0.0%

Total Nitrogen Total N mg/L NA 0.31 +/- 0.02 NA NA

Dissolved Inorganic Carbon DIC mg/L 0.52 NA NA NA NA

Dissolved Organic Carbon DOC mg/L 2.03 2.19 +/- 0.11 0.16 7.9%

Other Parameters

Extractable Aluminum Ext Al µg/L 11.40 NA NA NA NA

Total Aluminum Total Al µg/L 39.10 NA NA NA NA

Manganese Mn µg/L 1.00 NA NA NA NA

Dissolved Total Iron Total Fe µg/L 20.00 60.00 +/- 30.00 40.00 NA

Silica SiO₂ mg/L 0.73 NA NA NA NA

Total Dissolved Solids TDS mg/L NA 2.60 NA NA NA

Dissolved Oxygen DO mg/L NA 8.86 NA NA NA

Dissolved Oxygen Saturation DO% Sat % NA 73.95 NA NA NA

PCU 0.00 NA NA NA NA

µS/cm 3.30 4.20 +/- 1.00 0.90 27.3%

pH³ pH units 5.98 6.10 +/- 0.10 0.12 -24.1%

°C 5.90 7.55 +/- 0.50 NA NA

Turbidity NTU 0.40 NA NA NA NA

Italics indicate parameters which were calculated or predicted

¹1985 data courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 uncertainty ranges

³pH % Change is based off of [H⁺] to adjust for log scale

Color

Conductance

Temperature
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          Appendix C Table 11:  Krag Lake Physical Characteristics 

 

 

 

 

 

 

 

 

(Data courtesy of Eilers et al., 1987)

Annual Precipitation 1.63 m

Hydro Type DRAINAGE

Residence Time 0.30 Yr

Watershed Area/Lake Area 7.06

Estimated Lake Volume 52000.00 m³

Lake Surface Area 2.20 Ha

Watershed Area 15.54 Ha

Longitude 121.89 decimal degrees

Distance from Coast 96.00 km

Elevation 1666.67 m

Latitude 43.96 decimal degrees

WLS ID:  4B1-010

Parameter 1985 Value Units
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Appendix C Table 12:  Krag Lake Parameter Estimations and Carbonate Alkalinity Modeling 

  

WLS ID:  4B1-010

Parameter Formula 2009 Value Units

Organic Anion (HA) Estimations

Total Calculated HA HA tot 21.90 µeq/L

Active HA groups in situ HA in situ 19.93 µeq/L
Active HA groups affecting measured HCO ₃¯ HA affecting HCO ₃¯ 6.35 µeq/L

HA Corrected Measured Carbonate Alkalinity 

Measured HCO₃¯ HCO₃¯ 47.46 µeq/L

Measured HCO ₃¯ corrected for HA contributions HCO₃¯ - HA 41.11 µeq/L

Open to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Open HCO ₃¯ at equilibrium Open HCO ₃¯ 7.28 µeq/L

Closed to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Closed HCO ₃¯ at equilibrium Closed HCO ₃¯ 48.10 µeq/L

Italics indicate parameters which were calculated or predicted
Note:  Calculated carbonate alkalinity values for open to atmospheric CO₂ were estimated using the MINEQ+ model with October 2009 partial pressure of CO₂ , HA was 

calculated from DOC and pH, & active in situ HA was included in Cl¯ value for modeling HCO₃¯ to account for organic anion influences during model runs
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Appendix C Table 13:  Merrill Lake Data Comparison  

Sampled 17 October 1985 and 8 October 2009

WLS ID:  4B1-065

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range² 

Change Since 1985 % Change

Anions

Acid Neutralizing Capacity (titrated)* ANC µeq/L 104.80 NA NA

Bicarbonate Alkalinity (titrated)^ HCO₃¯ tit. µeq/L NA 143.21 +/- 4.16

Chloride Cl¯ µeq/L 8.44 10.40 +/- 0.52 1.97 23.3%

Fluoride³ F⁻ µeq/L 0.60 1.58 NA NA NA

Nitrate NO₃¯ µeq/L 0.23 0.36 +/- 0.07 0.13 59.3%

Sulfate SO₄¯² µeq/L 0.91 2.48 +/- 0.62 1.57 173.7%

Carbonate⁴ CO₃¯² µeq/L 0.08 0.05 NA NA NA

Phosphate PO₄¯³ µg/L NA 0.00 +/- 1.00 NA NA

Sum of Measured Anions 115.04 158.08

Cations

Ammonium NH₄⁺ µeq/L 1.53 2.34 +/- 0.17 0.82 53.4%

Calcium Ca⁺² µeq/L 48.88 57.80 +/- 2.99 8.92 18.3%

Magnesium Mg⁺² µeq/L 28.54 27.20 +/- 1.65 -1.34 -4.7%

Potassium K⁺ µeq/L 6.24 7.67 +/- 0.77 1.43 22.9%

Sodium Na⁺ µeq/L 32.95 41.80 +/- 2.09 8.85 26.9%

Sum of Measured Cations 118.14 136.81

Italics indicate parameters which were calculated or predicted

*1985 Acid Neutralizing Capacity was a gran titration 

^2009 Bicarbonate Alkalinity was a titration to pH endpoint of 4.5

¹1985 data courtesy and uncertainty ranges courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 data uncertainty ranges

³F does not have CCAL detection limits available & ´CO₃¯² was calculated in this study, thus inferred changes for these parameters are NA

38.41 36.7%
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Appendix C Table 13:  Merrill Lake Data Comparison Continued 

 

 
 

 

WLS ID:  4B1-065

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range²

Change 

Since 1985
% Change

Nutrients

Total Phosphorus Total P µg/L 2.50 5.00 +/- 2.00 2.50 100.0%

Total Nitrogen Total N mg/L NA 0.32 +/- 0.02 NA NA

Dissolved Inorganic Carbon DIC mg/L 1.45 NA NA NA NA

Dissolved Organic Carbon DOC mg/L 2.12 3.06 +/- 0.15 0.95 44.7%

Other Parameters

Extractable Aluminum Ext Al µg/L 5.30 NA NA NA NA

Total Aluminum Total Al µg/L 21.50 NA NA NA NA

Manganese Mn µg/L 4.50 NA NA NA NA

Dissolved Total Iron Total Fe µg/L 0.00 30.00 +/- 30.00 30.00 NA

Silica SiO₂ mg/L 5.11 NA NA NA NA

Total Dissolved Solids TDS mg/L NA 8.40 NA NA NA

Dissolved Oxygen DO mg/L NA 9.49 NA NA NA

Dissolved Oxygen Saturation DO% Sat % NA 79.55 NA NA NA

PCU 0.00 NA NA NA NA

µS/cm 11.50 13.30 +/- 1.00 1.80 15.7%

pH³ pH units 6.98 7.00 +/- 0.10 0.02 -4.5%

°C 7.00 7.75 +/- 0.50 NA NA

Turbidity NTU 0.35 NA NA NA NA

Italics indicate parameters which were calculated or predicted

¹1985 data courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 uncertainty ranges

³pH % Change is based off of [H⁺] to adjust for log scale

Color

Conductance

Temperature
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          Appendix C Table 14:  Merrill Lake Physical Characteristics 

 
 

 

 

 

 

 

 

 

(Data courtesy of Eilers et al., 1987)

WLS ID:  4B1-065

Parameter 1985 Value Units

Elevation 1555.4 m

Latitude 43.922 decimal degrees

Longitude 121.901 decimal degrees

Distance from Coast 96.0 km

32000.0 m³

Lake Surface Area 2.3 Ha

Watershed Area 204.6 Ha

Residence Time NA Yr

Annual Precipitation 1.626 m

Hydro Type SEEPAGE

Watershed Area/Lake Area 89.0

Estimated Lake Volume
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Appendix C Table 15:  Merrill Lake Parameter Estimations and Carbonate Alkalinity Modeling 

  

WLS ID:  4B1-065

Parameter Formula 2009 Value Units

Organic Anion (HA) Estimations

Total Calculated HA HA tot 30.60 µeq/L

Active HA groups in situ HA in situ 29.68 µeq/L
Active HA groups affecting measured HCO ₃¯ HA affecting HCO ₃¯ 10.71 µeq/L

HA Corrected Measured Carbonate Alkalinity 

Measured HCO₃¯ HCO₃¯ 143.21 µeq/L

Measured HCO ₃¯ corrected for HA contributions HCO₃¯ - HA 132.50 µeq/L

Open to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Open HCO ₃¯ at equilibrium Open HCO ₃¯ 57.80 µeq/L

Closed to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Closed HCO ₃¯ at equilibrium Closed HCO ₃¯ 143.00 µeq/L

Italics indicate parameters which were calculated or predicted
Note:  Calculated carbonate alkalinity values for open to atmospheric CO₂ were estimated using the MINEQ+ model with October 2009 partial pressure of CO₂ , HA was 

calculated from DOC and pH, & active in situ HA was included in Cl¯ value for modeling HCO₃¯ to account for organic anion influences during model runs
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Appendix C Table 16:  Raft Lake Data Comparison 

 

 

Sampled 16 October 1985 and 9 October 2009

WLS ID:  4B1-008

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range² 

Change Since 1985 % Change

Anions

Acid Neutralizing Capacity (titrated)* ANC µeq/L 97.00 NA NA

Bicarbonate Alkalinity (titrated)^ HCO₃¯ tit. µeq/L NA 121.56 +/- 4.16

Chloride Cl¯ µeq/L 7.18 9.87 +/- 0.49 2.69 37.5%

Fluoride³ F⁻ µeq/L 0.43 2.11 NA NA NA

Nitrate NO₃¯ µeq/L 0.05 0.07 +/- 0.07 0.02 45.8%

Sulfate SO₄¯² µeq/L 0.38 0.00 +/- 0.62 -0.38 -100.0%

Carbonate⁴ CO₃¯² µeq/L 0.07 0.03 NA NA NA

Phosphate PO₄¯³ µg/L NA 0.00 +/- 1.00 NA NA

Sum of Measured Anions 105.11 133.64

Cations

Ammonium NH₄⁺ µeq/L 0.44 0.50 +/- 0.17 0.06 12.6%

Calcium Ca⁺² µeq/L 47.48 43.40 +/- 2.99 -4.08 -8.6%

Magnesium Mg⁺² µeq/L 25.25 21.40 +/- 1.65 -3.85 -15.3%

Potassium K⁺ µeq/L 5.26 7.93 +/- 0.77 2.68 50.9%

Sodium Na⁺ µeq/L 33.08 39.60 +/- 1.98 6.52 19.7%

Sum of Measured Cations 111.52 112.83

Italics indicate parameters which were calculated or predicted

*1985 Acid Neutralizing Capacity was a gran titration 

^2009 Bicarbonate Alkalinity was a titration to pH endpoint of 4.5

¹1985 data courtesy and uncertainty ranges courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 data uncertainty ranges

³F does not have CCAL detection limits available & ´CO₃¯² was calculated in this study, thus inferred changes for these parameters are NA

24.56 25.3%
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Appendix C Table 16:  Raft Lake Data Comparison Continued 

 

          

WLS ID:  4B1-008

Parameter Formula Units 1985 Value¹ 2009 Value

2009 Data 

Uncertainty 

Range²

Change 

Since 1985
% Change

Nutrients

Total Phosphorus Total P µg/L 0.40 4.00 +/- 2.00 3.60 900.0%

Total Nitrogen Total N mg/L NA     0.31 +/- 0.02 NA NA

Dissolved Inorganic Carbon DIC mg/L 1.32 NA NA NA NA

Dissolved Organic Carbon DOC mg/L 2.29 2.42 +/- 0.12 0.14 5.9%

Other Parameters

Extractable Aluminum Ext Al µg/L 8.40 NA NA NA NA

Total Aluminum Total Al µg/L 30.80 NA NA NA NA

Manganese Mn µg/L 0.00 NA NA NA NA

Dissolved Total Iron Total Fe µg/L 7.50 20.00 +/- 30.00 12.50 NA

Silica SiO₂ mg/L 7.68 NA NA NA NA

Total Dissolved Solids TDS mg/L NA 7.10 NA NA NA

Dissolved Oxygen DO mg/L NA 9.28 NA NA NA

Dissolved Oxygen Saturation DO% Sat % NA 84.45 NA NA NA

PCU 2.50 NA NA NA NA

Specific Conductance SpC µS/cm 10.95 11.40 +/- 1.00 0.45 4.1%

pH³ pH units 6.91 6.90 +/- 0.10 -0.01 2.3%

°C 8.90 11.20 +/- 0.50 NA NA

Turbidity NTU 0.20 NA NA NA NA

Italics indicate parameters which were calculated or predicted

¹1985 data courtesy of Eilers et al., 1987 *Grey 2009 data cells are below CCAL detection limit

²See Appendix X for derivation of 2009 uncertainty ranges

³pH % Change is based off of [H⁺] to adjust for log scale

Color

Temperature
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Appendix C Table 17:  Raft Lake Physical Characteristics 

 

 

 

 

 

 

 

 

(Data courtesy of Eilers et al., 1987)

Annual Precipitation 1.63 m

Hydro Type DRAINAGE

Residence Time 0.98 Yr

Watershed Area/Lake Area 3.24

Estimated Lake Volume 122000.00 m³

Lake Surface Area 3.20 Ha

Watershed Area 10.36 Ha

Longitude 121.91 decimal degrees

Distance from Coast 96.00 km

Elevation 1516.62 m

Latitude 43.81 decimal degrees

WLS ID:  4B1-008

Parameter 1985 Value Units
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Appendix C Table 18:  Raft Lake Parameter Estimations and Carbonate Alkalinity Modeling 

  

WLS ID:  4B1-008

Parameter Formula 2009 Value Units

Organic Anion (HA) Estimations

Total Calculated HA HA tot 24.20 µeq/L

Active HA groups in situ HA in situ 23.35 µeq/L

Active HA groups affecting measured HCO ₃¯ HA affecting HCO ₃¯ 8.35 µeq/L

HA Corrected Measured Carbonate Alkalinity 

Measured HCO₃¯ HCO₃¯ 121.56 µeq/L

Measured HCO ₃¯ corrected for HA contributions HCO₃¯ - HA 113.21 µeq/L

Open to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Open HCO ₃¯ at equilibrium Open HCO ₃¯ 45.90 µeq/L

Closed to Atmospheric CO ₂ Calculated Carbonate Alkalinity System

Estimated Closed HCO ₃¯ at equilibrium Closed HCO ₃¯ 121.00 µeq/L

Italics indicate parameters which were calculated or predicted
Note:  Calculated carbonate alkalinity values for open to atmospheric CO₂ were estimated using the MINEQ+ model with October 2009 partial pressure of CO₂ , HA was 

calculated from DOC and pH, & active in situ HA was included in Cl¯ value for modeling HCO₃¯ to account for organic anion influences during model runs
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