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STUDY SUMMARY 
 

Study Sponsor: American Petroleum Institute 
 
Study Title: Acute Toxicity of Water Accommodated Fractions of Naphthenic 

Acids to the Fathead Minnow, Pimephales promelas , Determined 
Under Static-Renewal Test Conditions Using a Step-Down 
Approach 

 
Location of Study:  ABC Laboratories, Inc. 

7200 East ABC Lane 
Columbia, Missouri  65202 
 
Department of Biological Sciences 
Z-207 Biological Sciences Centre 
116th Street and 85th Avenue 
University of Alberta 
Edmonton, Alberta  T6G 2R3  Canada 
 

ABC Study No.:  64406 
 

Test Substance:  Naphthenic Acids (CAS# 1338-24-5) 
 

Test Species:  Fathead Minnow, Pimephales promelas 
 
Definitive Dates (In-Life): December 7 to 11, 2009 
 
Length of Study:  96 Hours 
 

Nominal Loading Rates: 0 (control), 1.3, 2.5, 5.0, 10, and 20 mg naphthenic acids/L. 
 
Mean Measured 
Concentrations: < MQL (control), 0.900, 2.08, 3.22, 6.04, and 13.8 mg 

naphthenic acids/L 
 
Environmental 
Conditions:    Temperature:   21.6 to 23.6°C 
    DO Concentrations:  7.1 to 9.3 mg/L (89 to 111% saturation) 
     pH:   8.0 to 8.4 
     Total Alkalinity: 148 mg CaCO3/L 
     Total Hardness:  134 mg CaCO3/L 
     Specific Conductivity: 330 µS/cm 
     Photoperiod:  16-hr light:8-hr dark 
  Light Intensity: 523 lux 
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Results Based on  
Nominal Loading Rates 
of Naphthenic Acids: 24-Hour LL50 = >20 mg/L 

 48-Hour LL50 = 11 mg/L with 95% confidence limits (CL):  8.4 
and 15 mg/L 

  72-Hour LL50 = 11 mg/L (95% CL:  8.4 and 15 mg/L) 
 96-Hour LL50 = 9.0 mg/L (95% CL: 6.6 and 12 mg/L) 
 96-Hour NOELR= 5.0 mg/L 
 

Results Based on Mean 
Measured Concentrations 
of Naphthenic Acids : 24-Hour LC50 = >13.8 mg/L 

 48-Hour LC50 = 7.22 mg/L (95% CL: 5.53 and 9.43 mg/L) 
  72-Hour LC50 = 7.22 mg/L (95% CL: 5.53 and 9.43 mg/L) 
 96-Hour LC50 = 5.62 mg/L (95% CL: 2.47 and 10.6 mg/L) 
 96-Hour NOEC = 3.22 mg/L 
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1.0 INTRODUCTION 

The American Petroleum Institute contracted ABC Laboratories, Inc., to conduct a 96-hour 
static-renewal toxicity test with fathead minnow exposed to water accommodated fraction 
(WAF) preparations of naphthenic acids (CAS# 1338-24-5).  The criterion for effect was 
mortality (death).  Results of the test are expressed as a 96-hour median lethal concentration 
(LC50), the concentration of the test substance estimated to cause 50 percent mortality in the test 
population at 96 hours and as a 96-hour median lethal loading rate (LL50), the WAF loading rate 
estimated to cause 50 percent mortality (4).  A secondary objective was to determine the 96-hour 
no-observed-effect concentration (NOEC) and no-observed-effect loading rate (NOELR), if 
possible.  The NOEC is defined as the highest concentration of test substance, among those 
tested, at which there is an absence of statistically significant mortality and sublethal effects. 
Likewise, the NOELR is the WAF loading rate that corresponds to the NOEC.   

2.0 MATERIALS AND METHODS 

2.1 Test and Reference Substance 

A sample of the test substance, naphthenic acids (CAS# 1338-24-5); EPL P/A #1203-000 
(collected from Drum #2), was received from EPL Archives, Inc. on January 20, 2009 and was 
stored at room temperature.  An expiration date of the sample was not provided. The sample was 
assigned ABC reference number TS-22856.  The Material Sample Safety Data Sheet (MSDS) 
described the test substance as an amber-colored liquid and stable under normal storage 
conditions.  The MSDS and a profile of the physical chemical specifications of the test substance 
provided by the original supplier is given in Appendix A.  This material was used to prepare all 
test solutions, matrix spiking solutions, and analytical standards.  All solution preparations were 
based on total product. 

2.2 Test Organism 

Fathead minnows (Pimephales promelas) were obtained from an in-house culture. The fish were 
fed a commercially available fish food at least one time daily.  A daily record of fish 
observations during the culture period, along with any prophylactic or therapeutic disease 
treatments, was maintained.  Fathead minnows were maintained in the dilution water at the test 
temperature for eight days before the definitive test initiation.  There was no mortality or 
treatments with prophylactics for two weeks prior to initiation of the study.  The fish were not 
fed for 48 hours prior to initiation of the definitive test or during the subsequent test period.  The 
control group of fish were measured and weighed at test termination.  Fish ranged from 10 to 
11 mm in standard length (mean and SD = 11 ± 0.55 mm) and 0.0065 to 0.0085 g in blotted wet 
weight (mean and SD = 0.0074 ± 0.00082 g).  The instantaneous biomass loading rate did not 
exceed 0.026 g of fish tissue per liter of test solution. 

2.3 Dilution Water 

The dilution water was a laboratory freshwater prepared by blending naturally hard well water 
with well water that was demineralized by reverse osmosis.  These waters were blended to yield 
a total hardness of 130 to 160 mg/L as CaCO3.  The water was filtered through a sediment filter 
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prior to use.  Chemical characterization of a representative sample of the base water, i.e., ABC 
well water, used to prepare the dilution water is presented in Appendix B.  

2.4 Biological Test Methods 

Test procedures followed the ABC test protocol entitled, “Acute Toxicity of Water 
Accommodated Fractions of Naphthenic Acids to the Fathead Minnow, Pimephales promelas , 
Determined Under Static-Renewal Test Conditions Using a Step-Down Approach,” with 
amendments and deviation (Appendix C).  This protocol was based on the step-down approach 
proposed by Jeram (1), OECD guideline 203 (2), and U.S. EPA OPPTS guideline 850.1075 (3).  
Modifications to the regulatory guidelines were made to address the testing of insoluble and 
complex mixtures (4, 5). This included adopting the WAF method of preparing exposure 
solutions, which is the preferred method when testing multi-component substances that are only 
partially soluble in water.  By definition, the term WAF is applied to aqueous media containing 
only the fraction of multi-component substances that is dissolved and/or present as a stable 
dispersion or emulsion. A WAF equilibration study was done in advance of the toxicity tests to 
determine the optimum mixing time required to achieve equilibration of naphthenic acids 
dissolution in water.  This is reported in ABC Study No. 64403 (10). 

2.4.1 Exposure System 

The range-finding test was conducted in 3.8-L glass jars containing approximately 2.8 L of 
control or test solution, and the limit test at the upper threshold concentration and definitive test 
were conducted in 3.8–L glass jars containing approximately 2 L of control or test solution.  The 
test chambers were covered with plastic Petri dishes.  A single test chamber was used for the 
control and all treatment levels for both the range-finding and definitive testing.  The test 
chambers were labeled with study number, treatment, and replicate during the definitive test.  
The test chambers were placed in a temperature-controlled water bath with a target temperature 
range of 22 ± 1 ºC.  Fluorescent lighting was maintained on a 16-hour daylight photoperiod with 
30-minute simulated dawn and dusk periods.  The light intensity during the definitive test was 
523 lux as measured with a LI-COR Model LI-189 light meter equipped with a photometric 
sensor at test initiation. 

2.4.2 Limit Test at the Upper Threshold Concentration 

A limit test was initiated on November 9, 2009 at nominal WAF loading rates of 0 (control) and 
24 mg naphthenic acids/L based upon the upper threshold concentration (UTC) determined from 
the studies with the water flea, Daphnia magna , (ABC Study No. 64404; 48-hr EL50 value of 
24.0 mg/L from nominal naphthenic acid loading rates (7)) and the unicellular green alga, 
Pseudokirchneriella subcapitata , (ABC Study No. 64405; 72-hr EL50 value of 23.8 mg/L from 
nominal naphthenic acid loading rates (8)).  The UTC was determined as the median effective 
loading rate (EL50) for the most sensitive test species.  At 24-hours, mortality was 0 and 100% in 
the 0(control) and 24 mg/L WAF treatments and the study was terminated.  The 0-hour 
analytical measurement of the 24 mg/L WAF solution showed 21 mg/L in the dissolved phase. 
This equates to 88% recovery based on the loading rate, which was consistent with what was 
observed in the method validation and WAF equilibration trials. The measurement of the control 
solution was <MQL. 
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Because this testing indicated that the fathead minnows were more sensitive to the test substance 
exposure than the Daphnia or green algae, a range-finding and definitive testing were necessary 
to determine the 96-hour LC50 of the naphthenic acids. This is in agreement with the step-down 
testing approach described by Jeram, et al. (1). 

2.4.3 Range-Finding Test 

A static-renewal range-finding test was conducted from November 16 to 20, 2009 at nominal 
naphthenic acid loading rates of 0 (control), 1.0, 5.0, and 15 mg/L.  One WAF at each loading 
rate was prepared by adding the appropriate amount of test substance to 4.0 L of dilution water 
in a clean 5-L glass carboy.  The control WAF preparations consisted of dilution water only.  
Each carboy contained a 2-inch Teflon-coated stir bar and was covered with a screw cap.  The 
WAF preparations were allowed to stir for 24 hours.  The stirring speed was adequate so that the 
vortex was ~30 to 50% of the solution depth.  After the stirring period, the stirring was stopped 
and each preparation was allowed to settle for approximately one hour before collection.  To 
collect the WAF products, the solutions were drained from the carboys with a glass siphon.  The 
first ~100 mL of solution from each WAF was drained into a waste container.  The remaining 
solutions were collected into appropriately-labeled test chambers.  This procedure for preparing 
test solutions was repeated to prepare fresh solutions at the 24, 48, and 72-hour time points of the 
exposure.  The control and all test solutions were clear and colorless with no visible signs of 
undissolved test substance, precipitate, or surface film throughout the study.  
 
Five fish were added to each test chamber at the start of the test.  The animals were observed 
after 24, 48, 72, and 96 hours.  After 96 hours of exposure, mortality was 0, 0, 20, and 80% in 
the 0 (control), 1.0, 5.0, and 15 mg/L nominal naphthenic acid loading rate treatments.  Sublethal 
effects included fish exhibiting a loss of equilibrium and were noted in the 15 mg/L treatment 
throughout the test. 

2.4.4 Definitive Test 

The definitive test was conducted from December 7 to 11, 2009 at nominal naphthenic acid 
loading rates of 0 (control), 1.3, 2.5, 5.0, 10, and 20 mg/L.  A WAF was prepared at each loading 
rate in clean 5-L glass bottles.  Approximately 0.0052, 0.0100, 0.0200, 0.0400, and 0.0800 g of 
naphthenic acid was added to 4.0-L volumes of dilution water for nominal naphthenic acid 
loading rates of 1.3, 2.5, 5.0, 10, and 20 mg/L, respectively.  The control WAF preparations 
consisted of dilution water only.  Each carboy contained a 2-inch Teflon-coated stir bar and was 
covered with a screw cap.  The WAF preparations were allowed to stir for 24 hours.  The stirring 
speed was adequate so that the vortex was ~30 to 50% of the solution depth.  After the stirring 
period, the stirring was stopped and each preparation was allowed to settle for approximately 1 
hour before collection.  To collect the WAF products, the solutions were drained from the 
carboys with a glass siphon.  The first ~100 mL of solution from each WAF was drained into a 
waste container.  The remaining solutions were collected into appropriately-labeled test 
chambers.  This procedure for preparing test solutions was repeated to prepare fresh solutions at 
the 24, 48, and 72-hour time points of the exposure.   

The definitive test was conducted for 96 hours commencing when fish were added to the test 
chambers.  The fish were impartially added one at a time proceeding from the control to the high 
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test substance treatment and repeating these steps until seven fish had been added to each test 
chamber.  A total of seven fish were distributed to each test chamber resulting in a total of seven 
fish for each test substance treatment.   

Test chambers for the control and all test treatments were 3.8-L glass jars with approximately 
2.0 L of the appropriate solutions prepared at each solution renewal period.  Fish were 
transferred daily from “old” to “new” solutions using a soft mesh net or by decanting off most of 
the old solution and adding the fish and remaining solution to the new solution.  Transfers began 
with the control and then proceeded from lowest concentration to the highest concentration.  
Observations for mortality, moribundity, and sublethal responses were made every 24 hours (±1 
hour) for the duration of the test. 

Specific conductivity, total alkalinity, and total hardness were measured in a sample of the 
dilution water collected at test initiation.  Specific conductivity was measured with a 
WTW Cond 330i conductivity/salinity meter.  Total alkalinity and total hardness were measured 
using titrimetric methods adapted from Standard Methods (6).  Temperature, dissolved oxygen 
concentration, and pH were measured in all test chambers daily throughout the test.  The pH and 
temperature were measured with a WTW Model pH 330i meter.  The dissolved oxygen was 
measured with a WTW OXi 330i dissolved oxygen meter.  No aeration was provided to the test 
chambers. An electronic data logger and thermistor probe was placed in the control replicate and 
was used to make a continuous recording of the temperature during the test. 

2.5 Analytical Test Method 

Range-finding and definitive test solutions were analyzed for the concentration of naphthenic 
acid using Fourier transform infrared spectroscopy (FT-IR).  Analysis was accomplished based 
on the method described by Jivraj et al. (9) and developed at ABC Laboratories (ABC study no. 
64403 (10).  Details of the sample preparation and method of analysis are described below. 

2.5.1 Preparation of Analytical Standard and Matrix Spiking Solutions 

A primary stock solution of the test substance was prepared on April 13, 2009 by weighing 
10,001.0 mg of naphthenic acids into a 100-mL class A volumetric flask and bringing the flask 
to volume with acetonitrile for a concentration of 100 mg naphthenic acids/mL.  Subsequent 
dilutions of this primary stock solution were prepared in acetonitrile.  The primary stock and 
dilutions were used for quality control (QC) fortification samples during the definitive test.  All 
solutions were stored at room temperature when not in use. 

A primary stock solution of the test substance was prepared on March 19, 2009 by weighing 
507.7 mg of naphthenic acids into a 100-mL class A volumetric flask and bringing the flask to 
volume with methylene chloride for a concentration of 5,080 mg naphthenic acids/L.  
Subsequent dilutions of this primary stock solution were prepared in methylene chloride.  The 
dilutions were used to prepare analytical standards for this analyte.  All solutions were stored at 
room temperature when not in use. 
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2.5.2 Test Solution Analysis 

A volume of 500 mL was collected and transferred to 1,000-mL separatory funnel.  Each sample 
was acidified with concentrated sulfuric acid to a pH level of 2.5 ± 0.1.  A 100-mL volume of 
methylene chloride was added to each sample and the samples were shaken to mix.  After 
approximately one minute of shaking, the sample phases were allowed to separate.  The 
methylene chloride (lower layer) was filtered through anhydrous sodium sulfate and collected in 
a 500-mL flat-bottomed flask.  The remaining aqueous sample was extracted a second time 
following the same procedure.  The methylene chloride phase from the second extraction was 
filtered into the original flask containing the first filtrate.  Each sample was then evaporated to 
dryness using a rotary evaporator and quantitatively transferred to 15-mL culture tubes using two 
separate 5-mL aliquots of methylene chloride.  The samples were then evaporated to dryness 
under a gentle stream of nitrogen and then reconstituted with an appropriate volume of 
methylene chloride.  Dilutions were made using methylene chloride, if necessary, to produce an 
analyte concentration that was within the range of the standard curve.  The samples were vialed 
and analyzed by FTIR.  QC fortifications were prepared in a similar manner after control 
medium had been fortified with the test substance. 

2.5.3 Instrumentation Conditions 

Sample analysis was performed using a FT-IR system equipped with the following analytical 
parameters: 
 
 Manufacturer:  Thermo Nicolet 
 Model:  Avatar 360 
 Software:  Omnic 32 
 IR Cell:  Thermo Scientific, KBr 1.0 mm sealed cell 
 Cell Holder: Thermo Scientific 
 Dry Nitrogen Gas Used to Protect the IR Cell Between Runs:  Yes 
 Scan Times: 64 
 Scan Range:  4000-400 cm-1 

Scan Model:  Absorbance 
Resolution:  4 cm-1 
Wave Number of Interest:  1743 cm-1 

 Solvent Used for Background Collection:  Methylene chloride 
 
2.5.4 Calculations 

Naphthenic acid concentrations were determined directly from the standard curve by the 
following equation: 
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The standard curve equation is of the form: y = mx + b 
 

  where:  
  y = peak response 
  m = slope of the standard curve 
  x = mg/L 
  b = y-intercept  
 

Example calculation for the 2.5 mg/L nominal naphthenic acid loading rate WAF sample at 0 
hours during the definitive test: 

 

Standard Curve:  y = 0.000161x + 0.008528 
Sample Peak Response:  0.0499 
Concentration from standard curve: 257 mg/L  
 
Volume for Analysis:  4 mL 
Sample Volume:  500 mL 
 

The concentration of naphthenic acid in the sample was calculated by the following equation: 
 

( )( )
mg/L  2.06 

mL500
mL 4mg/L 257

=  

 
Recovery was calculated as a percentage of the corresponding nominal concentration, as shown 
for the 2.5 mg/L WAF sample at 0 hours during the definitive test: 
 

82%   100  
mg/L 2.5
mg/L 2.06

=×  

 
The minimum quantifiable limit (MQL) was determined from the following equation: 
 

mg/L as expressed MQL  

(mL) volume
sample

(mL) volume
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Lowest standard concentration: 75.0 mg naphthenic acids/L 
Analysis volume: 4 mL 
Sample volume: 500 mL 
therefore: 
 

MQL = mg/L 0.600  
mL) (500

mL) (4 mg/L)  (75.0
=  
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2.6 Statistical Analysis 

All statistical analyses were performed with SAS software (version 9.1).  Estimates of LL50 and 
LC50 values and their 95% confidence limits were calculated using the probit method and 
Trimmed Spearman-Karber method.  When the P value for Goodness of Fit was >0.05 and there 
was no other evidence of questionable convergence, the probit method was selected for 
reporting.  When this criterion was not achieved, the Trimmed Spearman-Karber method was 
selected for reporting.  The no-observed-effect concentration and loading rate (NOEC and 
NOELR) was determined by using a Fisher’s exact test.  A Hochberg adjustment was used to 
control the experiment wise error rate for the Fisher’s test at the same alpha level.  

2.7 Characterization and Stability of Naphthenic Acids WAFs by Analysis of Z-number 
and Carbon Number Distribution 

As part of the characterization of naphthenic acids in the WAF solutions, Dr. Phillip M. Fedorak 
(Department of Biological Sciences, University of Alberta, Edmonton, Alberta Canada) was 
retained by the Study Sponsor to perform Gas Chromatography-Mass Spectrometry (GC-MS) 
analysis of a representative WAF preparation. At the initiation of the definitive test, samples of 
the Day 0 WAF solutions were collected and shipped to the University of Alberta, Department of 
Biological Sciences for analyses. 
 
While not a quantitative technique as employed here, the GC-MS analyses allowed the 
discrimination of the naphthenic acids in the WAFs into relative abundances of each ion 
corresponding to the general formula for naphthenic acids, CnH2n+zO2, where n is the carbon 
number and Z is zero or a negative even number defining the hydrogen deficiency due to 
cyclization. Although no analytical method exists whereby each individual naphthenic acid 
molecule is identified, the GC-MS method results in a distribution of families of molecules 
having similar carbon numbers and Z-numbers. Details of these analyses are provided in 
Appendix D. 

3.0 RESULTS AND DISCUSSION 

3.1 Analytical Results 

3.1.1 FTIR Analyses – Range-Finding Test 

Measured concentrations of naphthenic acids in the test substance WAF solutions at test 
initiation of the range-finder were 0.760, 3.98, and 12.0 mg naphthenic acids/L, which 
represented recoveries of 76 to 80% of the nominal loading rates.  The measured concentrations 
in old test substance WAF solutions at 24 hours were 0.745, 3.83, and 11.4 mg naphthenic 
acids/L, which represented recoveries of 75 to 77% of the nominal loading rates.  Recoveries 
from QC fortifications ranged from 81 to 110% of the nominal concentrations, with the 
exception of the low spike for the 0-hour analysis (421%), which was believed to be 
contaminated during sample preparation.  The analytical results for the range-finder test are 
summarized in Table 1. 
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3.1.2 FTIR Analyses – Definitive Test 

Measured concentrations of naphthenic acids in the test substance WAF solutions at test 
initiation of the definitive test were 0.795, 2.06, 3.15, 5.61, and 14.0 mg naphthenic acids/L, 
which represented recoveries of 56 to 82% of the nominal loading rates.  The measured 
concentrations in old test substance WAF solutions at 24 hours were 0.805, 1.88, 2.98, 5.66, and 
13.6 mg naphthenic acids/L, which represented recoveries of 57 to 75% of the nominal loading 
rates.  The measured concentrations in new test substance WAF solutions at 72 hours were 1.06, 
2.20, 3.48, and 6.62 mg naphthenic acids/L, which represented recoveries of 66 to 88% of the 
nominal loading rates.  The measured concentrations in old test substance WAF solutions at 
96 hours were 0.939, 2.18, 3.26, and 6.27 mg naphthenic acids/L, which represented recoveries 
of 63 to 87% of the nominal loading rates.  Due to 100% mortality in the 20 mg/L WAF loading 
rate at 48 hr, the 20 mg/L WAF was not prepared at subsequent solution renewal interval.  
Recoveries from QC fortifications ranged from 75 to 86% of the nominal concentrations.  The 
analytical results are summarized in Table 2. 

3.1.3 GC/MS Analyses 

Results of the analysis of Z-number and C-number families indicated a predominance of 
naphthenic acids contained 10 to 16 carbon atoms. Approximately 82-90% of the dissolved 
constituents fell within this range of carbon numbers.  The dissolved fractions also showed a 
prevalence of one and two ring naphthenic acids isomers.  These isomers made up approximately 
68-75% of the dissolved fraction. Typically, the third highest group of naphthenic acids was the 
acyclic carboxylic acids. The detailed report of these analyses is presented in Appendix D. 

3.2 Biological Results 

After 96 hours, mortality was 14, 0, 0, 14, 57, and 100% in the 0 (control), 1.3, 2.5, 5.0, 10, and 
20 mg/L nominal naphthenic acids loading rate WAF solutions, respectively.  Sublethal effects 
included loss of equilibrium and were observed in the 10 and 20 mg/L nominal naphthenic acids 
loading rate WAF solutions throughout the test (Table 3).  Based on nominal loading rates, the 
24-hour LL50 value was estimated to be >20 mg naphthenic acids/L, the highest concentration 
tested.  The 48- and 72-hour LL50 values were estimated to be 11 mg naphthenic acids/L with 
95% confidence limits of 8.4 and 15 mg naphthenic acids/L.  The 96-hour LL50 value was 
estimated to be 9.0 mg naphthenic acids/L with 95% confidence limits of 6.6 and 
12 mg naphthenic acids/L.  The 96-hour no-observed-effect-loading rate (NOELR) was determined 
to be 10 mg naphthenic acids/L based on the lack of statistically significant (p = 0.05) mortality 
and sublethal effects at this and all lower test substance concentrations.  Although there was not 
a statistically significant effect at the 10 mg naphthenic acids/L treatment level, it was 
determined that the number of impacted fish (71%) in the 10 mg naphthenic acids/L treatment 
level were biologically significant.  Therefore, the reported NOELR is 5.0 mg naphthenic 
acids/L. 

Based on mean measured concentrations, the 24-hour LC50 value was estimated to be 
>13.8 mg naphthenic acids/L, the highest concentration tested.  The 48- and 72-hour LC50 values 
were estimated to be 7.22 mg naphthenic acids/L with 95% confidence limits of 5.53 and 
9.43 mg naphthenic acids/L.  The 96-hour LC50 value was estimated to be 5.62 mg naphthenic 
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acids/L with 95% confidence limits of 2.47 and 10.6 mg naphthenic acids/L.  The slope of the 
96-hour concentration-response was 6.4.  The reported 96-hour no-observed-effect-concentration 
(NOEC) is 3.22 mg naphthenic acids/L. 

3.3 Environmental Conditions 

Test solution temperature during the 96-hour exposure ranged from 21.6 to 23.6ºC (Table  4).  
The results from the continuous temperature recording of the water bath confirmed the 
temperature exceeded the 22 ± 1ºC range specified in the protocol for approximately 18 hours.  
The temperature deviation was due to the temperature sensor being bumped outside of the 
waterbath, causing the heater to stay on.  The temperature sensor was discovered, placed back in 
the waterbath, and the temperature returned to the specified range through the remainder of the 
study.  This minor temperature deviation did not adversely affect the fish survival and therefore 
did not adversely affect the study integrity or the interpretation of the biological results.  
Dissolved oxygen concentrations ranged from 7.8 to 8.5 mg/L (96 to 104% saturation) in new 
test solutions and from 7.1 to 9.3 (92 to 111% saturation) in old test solutions (Table 5).  Test 
solution pH values ranged from 8.0 to 8.4 throughout the test (Table 6).  Specific conductivity, 
total alkalinity, and total hardness values from the dilution water were 330 µS/cm, 
148 mg CaCO3/L, and 134 mg CaCO3/L, respectively. 

The control and test treatment solutions remained clear and colorless with no visible particulates, 
surface film, undissolved test substance, or precipitate throughout the test.   

4.0 CONCLUSIONS 

Based on nominal loading rates, the 24-hour LL50 value was estimated to be >20 mg naphthenic 
acids/L, the highest concentration tested.  The 48- and 72-hour LL50 values were estimated to be 
11 mg naphthenic acids/L with 95% confidence limits of 8.4 and 15 mg naphthenic acids/L.  The 
96-hour LL50 value was estimated to be 9.0 mg naphthenic acids/L with 95% confidence limits 
of 6.6 and 12 mg naphthenic acids/L.  The 96-hour no-observed-effect-loading rate (NOELR) was 
determined to be 10 mg naphthenic acids/L based on the lack of statistically significant (p = 0.05) 
mortality and sublethal effects at this and all lower test substance concentrations.  Although there 
was not a statistically significant effect at the 10 mg naphthenic acids/L treatment level, it was 
determined that the number of impacted fish (71%) in the 10 mg naphthenic acids/L treatment 
level were biologically significant.  Therefore, the reported NOELR is 5.0 mg naphthenic 
acids/L. 

Based on mean measured concentrations, the 24-hour LC50 value was estimated to be 
>13.8 mg naphthenic acids/L, the highest concentration tested.  The 48- and 72-hour LC50 values 
were estimated to be 7.22 mg naphthenic acids/L with 95% confidence limits of 5.53 and 
9.43 mg naphthenic acids/L.  The 96-hour LC50 value was estimated to be 5.62 mg naphthenic 
acids/L with 95% confidence limits of 2.47 and 10.6 mg naphthenic acids/L.  The slope of the 
96-hour concentration-response was 6.4.  The reported 96-hour no-observed-effect-concentration 
(NOEC) is 3.22 mg naphthenic acids/L. 
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This study met the EPA OPPTS 850.1075 and OECD 203 validity criteria for tests of acute 
toxicity to fish.  This study is classified as acceptable and satisfies the guideline requirements for 
a fathead minnow acute study. 
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PROTOCOL DEVIATIONS 
 

1. Protocol Section 10.1.4 – Temperature and Lighting 
 

The waterbath temperature was not maintained at 22 ± 1ºC during the entire definitive 
test. 
 
Reason:  For approximately 18 hours on study days 2 and 3, the waterbath temperature 
exceeded the range stated in the protocol by 1.1ºC.  This is due to the temperature sensor 
being bumped outside of the waterbath, causing the heater to stay on.  The temperature 
sensor was discovered, placed back in the waterbath, and the temperature returned to the 
specified range through the remainder of the study. 
 
Effect on Study Integrity:  None.  The minor temperature deviation did not adversely 
affect the fish survival. 
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Table 1. Measured Concentrations of Naphthenic Acids and Biological Responses During 
the Static-Renewal Range-Finding Test with the Fathead Minnow, Pimephales 
promelas 

 

Nominal WAF 
Loading Rate 

(mg/L) 

Measured Concentration of Naphthenic Acids 
in mg/L (Percent Nominal) Cumulative Number 

Dead after 96-Hours 
(Percent Mortality) 0-Hour 

Solutions 
24-Hour 

 Solutions 

Control (0) < MQL a < MQL a 0 (0) 

1.0 0.760 (76) 0.745 (75) 0 (0) 

5.0 3.98 (80) 3.83 (77) 1 (20) 

15 12.0 (80) 11.4 (76) 4 (80) c 

QC Fortification Spikes (% Recovery)  

Low Spike (0.800) 3.37 (421) b 0.645 (81)  

High Spike (20.0) 22.0 (110) 17.8 (89)  

 
a Minimum Quantifiable Limit (MQL) = 0.600 mg naphthenic acids/L. 
b Result may be due to contamination during sample preparation. 
c  One fish exhibited a loss of equilibrium. 
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Table 2. Measured Concentrations of Naphthenic Acids During the Static-Renewal Acute 
Toxicity Test with the Fathead Minnow, Pimephales promelas 

 

Nominal WAF 
Loading Rate 

(mg/L) 

Measured Concentration of Naphthenic Acids in mg/L 
(Percent Nominal/Initial Measured a) 

0-Hour 24-Hour  
(old) 72-Hour (new) 96-Hour  

(old) 

Control (0) < MQL b < MQL b < MQL b < MQL b 

1.3 0.795 (61/--) 0.805 (62/101) 1.06 (82/--) 0.939 (72/89) 

2.5 2.06 (82/--) 1.88 (75/91) 2.20 (88/--) 2.18 (87/99) 

5.0 3.15 (63/--) 2.98 (60/95) 3.48 (70/--) 3.26 (65/94) 

10 5.61 (56/--) 5.66 (57/101) 6.62 (66/--) 6.27 (63/95) 

20 14.0 (70/--) 13.6 (68/97) ---d ---d 

QC Fortification Spikes (% Recovery) 

Low Spike (1.00) --- 0.835 (84) 0.795 (80) 0.746 (75) 

Low Spike (5.00) 3.78 (76)c --- --- --- 

High Spike (25.0) 20.1 (80) 21.5 (86) 19.2 (77) 19.1 (76) 

 
a Initial measured value in corresponding freshly prepared solutions at 0 and 72 hours. 
b Minimum Quantifiable Limit (MQL) = 0.600 mg naphthenic acids/L. 
c Low spike was fortified with the wrong spiking solution. 
d No analysis performed due to 100% mortality at this level. 
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Table 3. Mortality of Fathead Minnow, Pimephales promelas , Exposed to Water 
Accommodated Fractions of Naphthenic Acids for 96 Hours Under Static-
Renewal Test Conditions 

 
Nominal 

WAF 
Loading Rate 

(mg/L) 

R
E
P 

Cumulative Number Dead (Percent Mortality) 

24 Hours 48 Hours 72 Hours 96 Hours 

0 (control) A 0 (0) 1 (14) 1 (14) 1 (14) 

1.3 A 0 (0) 0 (0) 0 (0) 0 (0) 

2.5 A 0 (0) 0 (0) 0 (0) 0 (0) 

5.0 A 1 (14) 1 (14) 1 (14) 1 (14) 

10 A 1 (14) a 2 (29) c 2 (29) b 4 (57) a ∆ 

20 A 3 (43) b 7 (100) 7 (100) 7 (100) * 

  
Note: Each test chamber contained seven fish at test initiation. 
* Statistically significant difference in mortality and sublethal effects as compared to the controls 

(Fisher’s Exact Test; p = 0.05) 
∆ Although there was not a statistically significant difference in mortality and sublethal effects as 

compared to the controls, it is determined to be biologically significant.  The NOELR is 
reported as 5.0 mg naphthenic acids/L. 

 
a  One fish exhibited a loss of equilibrium. 
b  Four fish exhibited a loss of equilibrium. 
c  Two fish exhibited a loss of equilibrium. 
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Table  4. Test Solution Temperature Measurements During a 96-Hour Exposure of Fathead 
Minnow, Pimephales promelas, to Water Accommodated Fractions of Naphthenic 
Acids 

 

Nominal 
WAF 

Loading Rate 
(mg/L) 

R
E
P 

Temperature (ºC) 

0 Hr 24 Hr 
(old) 

24 Hr 
(new) 

48 Hr 
(old) 

48 Hr 
(new) 

72 Hr 
(old) 

72 Hr 
(new) 

96 Hr 
(old) 

0 (control) A 22.8 21.6 22.5 23.5 23.2 22.0 22.5 21.9 

1.3 A 22.9 21.7 22.5 23.6 23.2 22.0 22.5 21.9 

2.5 A 23.0 21.7 22.8 23.6 23.3 22.0 22.5 21.9 

5.0 A 23.0 21.7 22.8 23.6 23.5 22.0 22.5 21.9 

10 A 23.0 21.6 22.8 23.6 23.5 22.0 22.6 21.9 

20 A 23.0 21.6 22.8 23.5 --- --- --- --- 
 

“---” indicates no measurement taken due to 100% mortality. 
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Table 5. Test Solution Dissolved Oxygen Concentration Measurements During a 96-Hour 
Static-Renewal Exposure of Fathead Minnow, Pimephales promelas, to Water 
Accommodated Fractions of Naphthenic Acids 

 

Nominal 
WAF 

Loading Rate 
(mg/L) 

R
E
P 

Dissolved Oxygen Concentration as mg/L 

0 Hr 24 Hr 
(old) 

24 Hr 
(new) 

48 Hr 
(old) 

48 Hr 
(new) 

72 Hr 
(old) 

72 Hr 
(new) 

96 Hr 
(old) 

0 (control) A 8.2 8.2 8.0 8.0 8.1 8.2 8.5 9.3 

1.3 A 8.1 8.1 8.0 7.7 8.1 8.1 8.4 9.1 

2.5 A 8.1 7.9 8.0 7.5 8.0 7.7 8.3 8.8 

5.0 A 8.1 7.8 7.9 7.5 7.9 7.8 8.2 9.1 

10 A 8.1 7.7 7.9 7.3 7.8 8.0 8.2 9.1 

20 A 8.1 7.7 8.0 7.1 --- --- --- --- 

 
 “---” indicates no measurement taken due to 100% mortality. 
 
Note:  At 22, 23, and 24°C, 100% saturation equals 8.4, 8.2, and 8.1 mg/L, respectively. 
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Table 6. Test Solution pH Measurements During a 96-Hour Static-Renewal Exposure of 
Fathead Minnow, Pimephales promelas, to Water Accommodated Fractions of 
Naphthenic Acids 

 

Nominal 
WAF 

Loading Rate 
(mg/L) 

R
E
P 

pH 

0 Hr 24 Hr 
(old) 

24 Hr 
(new) 

48 Hr 
(old) 

48 Hr 
(new) 

72 Hr 
(old) 

72 Hr 
(new) 

96 Hr 
(old) 

0 (control) A 8.0 8.2 8.3 8.4 8.1 8.3 8.2 8.3 

1.3 A 8.1 8.2 8.3 8.4 8.2 8.3 8.2 8.3 

2.5 A 8.1 8.3 8.3 8.3 8.2 8.3 8.2 8.3 

5.0 A 8.2 8.2 8.3 8.3 8.2 8.3 8.2 8.3 

10 A 8.1 8.2 8.2 8.3 8.1 8.2 8.1 8.2 

20 A 8.1 8.1 8.1 8.2 --- --- --- --- 

 
“---” indicates no measurement taken due to 100% mortality. 
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Figure 1. Cumulative Mortality of Fathead Minnow, Pimephales promelas, Exposed to 
Water Accommodated Fractions of Naphthenic Acids for 96 Hours Under Static-
Renewal Test Conditions 
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APPENDIX A.  TEST SUBSTANCE PHYSICAL-CHEMICAL SPECIFICATIONS FROM 
SUPPLIER  



ABC Study No. 64406 

Page 30 of 106 



ABC Study No. 64406 

Page 31 of 106 



ABC Study No. 64406 

Page 32 of 106 



ABC Study No. 64406 

Page 33 of 106 



ABC Study No. 64406 

Page 34 of 106 



ABC Study No. 64406 

Page 35 of 106 



ABC Study No. 64406 

Page 36 of 106 



ABC Study No. 64406 

Page 37 of 106 

APPENDIX B.  ABC WELL WATER CHARACTERIZATION  
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Chemical Characteristics of ABC Well Water Used by 
ABC Laboratories’ Chemical Services Group 

 
August 2009 ABC Well Water Screen (non-GLP) 

Organophosphate 
(µg/L)  2009  

Historical 
Range  
1998-2009 1  Elements (mg/L)  2009  

Historical 
Range  
1998-2009 1 

Azinphos ethyl 
 

--- 
 

<1.05  Aluminum <0.0500 
 

<0.05004

Azinphos-methyl 
 

<0.200 
 

<0.2003  Antimony <0.0500 
 

<0.05004

Bolstar 
 

<0.200 
 

<0.2004  Arsenic <0.0250 
 

<0.0250-<0.050
Chloropyrifos 

 
<0.200 

 
<0.2004  Barium 0.0189 

 
0.01894

Coumaphos 
 

<0.400 
 

<0.4004  Beryllium <0.0010 
 

<0.00104

Demeton, Total 
 

<0.200 
 

<0.200-<1.0  Boron 0.400 
 

0.37-0.415 
Diazinon 

 
<0.200 

 
<0.200-<1.0  Cadmium <0.0020 

 
<0.0020-<0.0050

Dichlorvos 
 

<0.200 
 

<0.2004  Calcium2 76.3 
 

52-83.1 
Dimethoate 

 
<1.00 

 
<1.004  Chromium <0.0100 

 
<0.010 

Disulfoton 
 

<0.200 
 

<0.200-<1.0  Cobalt <0.0100 
 

<0.01004

EPN 
 

<0.200 
 

<0.2004  Copper <0.0100 
 

<0.010 
Ethion 

 
--- 

 
<1.05  Iron 0.020 

 
<0.0059-0.16 

Ethoprop 
 

<0.200 
 

<0.2004  Lead <0.0400 
 

<0.0065-0.0400
Fensulfothion 

 
<1.00 

 
<1.004  Magnesium2 30.7 

 
27-33.1 

Fenthion 
 

<0.200 
 

<0.2004  Manganese <0.0050 
 

<0.00504

Malathion 
 

<0.200 
 

<0.200-<1.0  Molybdenum <0.0100 
 

<0.01004 
Merphos 

 
<0.200 

 
<0.2004  Mercury --- 

 
<0.000605

Mevinphos 
 

<1.00 
 

<1.004  Nickel <0.0100 
 

<0.0100-<0.020
Monocrotophos 

 
<1.00 

 
<1.004  Potassium2 7.51 

 
6.6-7.93 

Naled 
 

<2.00 
 

<2.004  Selenium <0.0500 
 

<0.050 
Parathion: 

 
--- 

 
<1.05  Silver <0.0100 

 
<0.010 

Parathion, ethyl 
 

<0.200 
 

<0.2003  Sodium2 29.0 
 

27-32.2 
Parathion, methyl 

 
<0.200 

 
<0.2003  Thallium <0.0500 

 
<0.05004

Phorate 
 

<0.200 
 

<0.2004  Tin <0.0200 
 

<0.02004

Ronnel 
 

<0.200 
 

<0.2004  Vanadium <0.0100 
 

<0.01004

Stirophos 
 

<0.200 
 

<0.2004  Zinc 0.0197 
 

0.0118-0.078 
Sulfotepp 

 
<0.200 

 
<0.2004  Chlorinated 

Hydrocarbons (μg/L)     TEPP <0.200 <0.2004 
Tokuthion 

 
<0.200 

 
<0.2004  4,4’-DDD <0.04 

 
<0.040 

Trichloronate 
 

<0.200 
 

<0.2004  4,4’-DDE <0.04 
 

<0.040 
 

 
 

 
  4,4’-DDT <0.04 

  <0.040 
   Aldrin <0.04 <0.040 
Polychlorinated 
Biphenyls (μg/L) 

 
 

 
 α-BHC <0.04 <0.040 

β-BHC <0.04 <0.040 
Aroclor 1016 

 
<1.00 

 
<1.00 Δ-BHC <0.04 <0.040 

Aroclor 1221 <1.00 <1.00 Dieldrin <0.04 <0.040 
Aroclor 1232 

 
<1.00 

 
<1.00  Endosulfan I <0.04 

 
<0.040 

Aroclor 1242 
 

<1.00 
 

<1.00  Endosulfan II <0.04 
 

<0.040 
Aroclor 1248 

 
<1.00 

 
<1.00  Endosulfan sulfate <0.04 

 
<0.040 

Aroclor 1254 
 

<1.00 
 

<1.00  Endrin <0.04 
 

<0.040 
Aroclor 1260 

 
<1.00 

 
<1.00  Endrin aldehyde <0.04 

 
<0.040 
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Chemical Characteristics of ABC Well Water Used by 
ABC Laboratories’ Chemical Services Group (continued) 

 
August 2009 ABC Well Water Screen (non-GLP) 

Miscellaneous (mg/L)  2009  

Historical 
Range  
1998-2009 1  

Chlorinated 
Hydrocarbons (μg/L) 
(continued)  2009  

Historical 
Range  
1998-2009 1 

Nitrite N 
 

<0.01 
 

<0.01-≤0.050  Endrin ketone <0.04 
 

<0.040 
Nitrate N 

 
0.328 

 
<0.11-0.328  γ-BHC <0.04 

  <0.040 
Total Phosphorus as P 

 
0.12 

 
<0.050-0.64  Heptachlor <0.04 

 
<0.040 

Chlorinated 
Herbicides (μg/L) 

 
 

 
  Heptachlor epoxide <0.04 

  <0.040 
Methoxychlor <0.04 <0.04-<0.095 

2,4,5-TP (Silvex) 
 

<0.200 
 

<0.200-<50  Toxaphene <0.50 
 

<0.50-<3.8 
2,4-D 

 
<0.200 

 
<0.200-<250  Chlordane <0.05 

 
<0.05-<0.48 

1 Data supporting these values are on file at ABC Laboratories.  Less than (<) values indicate recovery was 
below the greatest limit of detection during these analyses. 

2 Historical Range is from 2003. 
3 Historical Range is from 2008. 
4 Historical Range is from 2009. 
5 Historical Range does not include 2009. 

 
Note:  ABC well water is the base water for ABC Blended Water. 
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APPENDIX C.  PROTOCOL, AMENDMENTS, AND DEVIATION
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APPENDIX D.  CHARACTERIZATION OF NAPHTHENIC ACIDS IN WAF SOLUTIONS 
BY GC/MS 
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1.0 Toxicity test with fish 
 
1.1  Samples and Methods 
 
In December 2009, a shipment of six samples containing the dissolved aqueous fraction (WAF) 
of naphthenic acids was received in the Department of  Biological Sciences at the University of 
Alberta, Alberta, Canada. The six samples were from a fish exposure experiment, and the 
samples were labeled as control (0 mg/L), Level 1 (1.3 mg/L), Level 2 (2.5 mg/L), Level 3 (5.0 
mg/L), Level 4 (10 mg/L), and Level 5 (20 mg/L). 
 
An appropriate subsample volume (10 to 200 mL) from each bottle was diluted to 1 L with 
distilled water and these were extracted individually as outlined by Merlin et al. (2007). Briefly, 
the diluted sample was acidified to pH 2 with concentrated HCl, and then 150 g NaCl was 
dissolved into the sample. The water sample was then extracted with three 60-mL portions of 
chloroform (HPLC grade). Free carboxylic acids were separated from lipids by extracting the 
combined chloroform phase with three 10-mL portions of an alkaline aqueous solution 
containing 4% sodium carbonate (pH 11.6). The free carboxylic (naphthenic) acids were 
recovered from the alkaline solution by acidifying it with concentrated HCl to pH 2 and extracting 
three times with 10-mL portions of DCM. The combined DCM extracts were dried under 
nitrogen.  
 
The residue was dissolved in 50 µL of DCM and the naphthenic acids were derivatized by 
adding 50 µL of MTBSTFA derivatizing agent (without 1% t-BDMCS) to each vial and heating at 
60°C for 20 min. 
 
1.2  Results and Discussion 
 
The tables of relative abundances of each ion (expressed as percentages) in the six extracted 
fish water samples are shown in Tables 1.1 to 1.6. The values of the percentages reported in 
these tables are rounded to the nearest 0.1.  
 
The distributions of ions in selected samples were used to prepare a three-dimensional plots of 
the ion abundances for each n and Z value. These plots are shown in Figures 1.1 to 1.3. The 
three-dimensional plots for the fish water samples that contained 20 mg WAF/L and 1.3 mg 
WAF/L are given in Figure 1.1 and Figure 1.2, respectively. The ion distributions in these two 
samples are consistent with the distributions found in the neat naphthenic acids.  
 
The three-dimensional plot for the fish water sample that contained 0 mg WAF/L (control) given 
in Figure 1.3 is markedly different from the naphthenic acids-containing water samples (Figures 
1.1 and 1.2). The most abundant ions in Figure 1.3 correspond to n = 16, Z = 0 and n = 18, Z 
=0, and are likely palmitic and stearic acids, respectively. 
 



ABC Study No. 64406 
 

Page 65 of 106 

Table 1.1 
 

Fish water Control 

C number z number
0 2 4 6 8 10 12 % carbon no

5 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.5
6 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.2
7 0.8 1.5 0.0 0.0 0.0 0.0 0.0 2.3
8 0.2 0.8 0.0 0.0 0.0 0.0 0.0 1.0
9 0.3 0.6 0.0 0.0 0.0 0.0 0.0 0.9

10 0.6 0.8 0.1 0.0 0.0 0.0 0.0 1.5
11 0.6 0.5 0.4 0.0 0.0 0.0 0.0 1.5
12 3.8 0.5 0.5 0.1 0.0 0.0 0.0 5.0
13 0.6 0.4 0.3 0.1 0.0 0.0 0.0 1.4
14 4.9 0.4 1.3 0.8 0.0 0.0 0.0 7.3
15 1.9 0.2 0.1 0.1 0.0 0.0 0.0 2.2
16 40.2 1.8 0.1 0.1 0.0 0.0 0.0 42.2
17 3.2 0.4 0.0 0.0 0.0 0.1 0.0 3.8
18 15.4 4.2 0.4 0.3 0.1 0.2 0.4 20.9
19 1.6 0.3 0.2 0.0 0.0 0.2 1.3 3.5
20 0.5 0.3 0.0 0.0 0.1 1.3 0.3 2.6
21 0.3 0.1 0.0 0.0 0.0 0.3 0.1 0.9
22 0.2 0.2 0.0 0.0 0.1 0.8 0.1 1.4
23 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.3
24 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2
25 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
27 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1
33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

% by z No 75.7 13.1 3.5 1.6 0.5 3.3 2.2 100.0  
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Table 1.2 
 

 
 
 

Fish water Level 1

C number z number
0 2 4 6 8 10 12 % carbon no

5 1.1 0.0 0.0 0.0 0.0 0.0 0.0 1.1
6 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.5
7 1.0 1.0 0.0 0.0 0.0 0.0 0.0 1.9
8 0.7 0.6 0.0 0.0 0.0 0.0 0.0 1.3
9 0.7 0.7 0.0 0.0 0.0 0.0 0.0 1.5

10 0.8 2.4 1.1 0.0 0.0 0.0 0.0 4.3
11 1.3 6.5 4.3 0.0 0.0 0.0 0.0 12.0
12 2.3 8.4 7.7 0.7 0.0 0.0 0.0 19.1
13 1.7 7.3 7.7 1.2 0.0 0.0 0.0 17.9
14 1.7 4.6 5.2 1.2 0.4 0.0 0.0 13.1
15 0.8 2.2 2.7 0.9 0.3 0.0 0.0 6.8
16 5.6 1.1 1.3 0.6 0.2 0.1 0.0 9.0
17 0.4 0.4 0.6 0.3 0.2 0.1 0.0 1.9
18 2.3 0.5 0.3 0.2 0.1 0.1 0.1 3.7
19 0.3 0.1 0.1 0.1 0.1 0.1 0.3 1.0
20 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.6
21 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.3
22 0.1 0.0 0.0 0.0 0.0 0.2 0.1 0.4
23 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.4
24 0.2 0.0 0.0 0.1 0.0 0.1 0.2 0.6
25 0.2 0.1 0.0 0.1 0.0 0.1 0.2 0.7
26 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.7
27 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.5
28 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.3
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

% by z No 22.0 36.4 31.3 5.7 1.6 1.5 1.5 100.0
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Table 1.3 

 
 

Fish water Level 2

C number z number
0 2 4 6 8 10 12 % carbon no

5 1.1 0.0 0.0 0.0 0.0 0.0 0.0 1.1
6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4
7 1.0 0.9 0.0 0.0 0.0 0.0 0.0 1.9
8 0.7 0.5 0.0 0.0 0.0 0.0 0.0 1.2
9 0.7 0.5 0.0 0.0 0.0 0.0 0.0 1.2

10 0.7 2.1 1.0 0.0 0.0 0.0 0.0 3.8
11 1.5 6.8 4.5 0.0 0.0 0.0 0.0 12.8
12 3.0 9.8 8.7 0.8 0.0 0.0 0.0 22.3
13 2.4 9.0 8.9 1.3 0.0 0.0 0.0 21.7
14 2.4 5.8 6.2 1.4 0.4 0.0 0.0 16.3
15 1.3 2.8 3.1 1.0 0.3 0.0 0.0 8.5
16 1.5 1.2 1.5 0.6 0.2 0.1 0.0 5.0
17 0.2 0.4 0.6 0.3 0.1 0.1 0.0 1.7
18 0.7 0.2 0.2 0.2 0.1 0.1 0.0 1.4
19 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.4
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
27 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

% by z No 17.7 40.1 34.8 5.6 1.1 0.4 0.2 100.0
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Table 1.4 

 
 

Fish water Level 3

C number z number
0 2 4 6 8 10 12 % carbon no

5 1.1 0.0 0.0 0.0 0.0 0.0 0.0 1.1
6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4
7 1.0 0.9 0.0 0.0 0.0 0.0 0.0 1.9
8 0.8 0.5 0.0 0.0 0.0 0.0 0.0 1.3
9 0.3 0.4 0.0 0.0 0.0 0.0 0.0 0.7

10 0.7 1.1 0.7 0.0 0.0 0.0 0.0 2.4
11 1.8 5.0 3.5 0.0 0.0 0.0 0.0 10.3
12 3.6 9.0 8.1 0.7 0.0 0.0 0.0 21.4
13 3.0 9.3 9.1 1.4 0.0 0.0 0.0 22.8
14 3.0 6.3 6.6 1.5 0.4 0.0 0.0 17.8
15 1.7 3.2 3.5 1.1 0.3 0.0 0.0 9.8
16 1.8 1.4 1.8 0.7 0.2 0.1 0.0 5.9
17 0.2 0.5 0.7 0.4 0.1 0.1 0.0 2.0
18 0.9 0.2 0.2 0.2 0.1 0.1 0.0 1.6
19 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.4
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
27 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

% by z No 20.2 37.8 34.3 6.0 1.2 0.4 0.1 100.0
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Table 1.5 

 
 

Fish water Level 4

C number z number
0 2 4 6 8 10 12 % carbon no

5 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4
7 0.9 0.9 0.0 0.0 0.0 0.0 0.0 1.9
8 0.8 0.5 0.0 0.0 0.0 0.0 0.0 1.4
9 1.4 0.8 0.0 0.0 0.0 0.0 0.0 2.2

10 1.9 2.8 1.1 0.0 0.0 0.0 0.0 5.8
11 3.1 6.9 4.2 0.0 0.0 0.0 0.0 14.3
12 5.3 8.8 7.5 0.6 0.0 0.0 0.0 22.2
13 3.2 7.7 7.5 1.1 0.0 0.0 0.0 19.5
14 2.8 4.9 5.1 1.2 0.3 0.0 0.0 14.3
15 1.5 2.5 2.6 0.8 0.2 0.0 0.0 7.6
16 2.1 1.1 1.3 0.5 0.1 0.1 0.0 5.3
17 0.2 0.4 0.5 0.3 0.1 0.1 0.0 1.6
18 1.0 0.3 0.2 0.2 0.1 0.1 0.0 1.8
19 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.4
20 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2
21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
22 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.2
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
27 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

% by z No 25.8 37.7 30.2 4.7 0.9 0.5 0.2 100.0
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Table 1.6 

 
 

Fish water Level 5

C number z number
0 2 4 6 8 10 12 % carbon no

5 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4
7 0.9 0.9 0.0 0.0 0.0 0.0 0.0 1.8
8 0.8 0.5 0.0 0.0 0.0 0.0 0.0 1.4
9 1.0 1.0 0.0 0.0 0.0 0.0 0.0 2.1

10 1.9 3.4 1.3 0.0 0.0 0.0 0.0 6.6
11 3.2 7.5 4.5 0.0 0.0 0.0 0.0 15.2
12 4.7 8.9 7.7 0.6 0.0 0.0 0.0 21.9
13 3.4 7.7 7.4 1.1 0.0 0.0 0.0 19.5
14 2.8 5.0 4.9 1.1 0.3 0.0 0.0 14.0
15 1.6 2.6 2.5 0.8 0.2 0.0 0.0 7.7
16 1.5 1.2 1.4 0.5 0.1 0.1 0.0 4.8
17 0.2 0.4 0.6 0.3 0.1 0.1 0.0 1.6
18 0.6 0.2 0.2 0.2 0.1 0.0 0.0 1.3
19 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.3
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
27 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

% by z No 24.2 39.4 30.5 4.5 0.9 0.3 0.1 100.0
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Figure. 1.1. Three-dimensional plot of naphthenic acids in the fish water 
that contained 20 mg WAF/L (Level 5). (Table 3.1.6). The sum of all bars 
equals 100%. 

 

Figure. 1.2 . Three-dimensional plot of naphthenic acids in the fish water 
that contained 1.3 mg WAF/L (Level 1). (Table 3.1.2). The sum of all bars 
equals 100%. 
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Figure. 1.3 . Three-dimensional plot of naphthenic acids in the fish water 
that contained 0 mg WAF/L (Control). (Table 3.1.1). The sum of all bars 
equals 100%. 

 
 
The most common fatty acids found in the phospholipids and glycolipids in cell membranes are 
C-16 (palmitic) and C-18 (stearic) acids (Stryer 1981). These fatty acids are also commonly 
found in the membranes of microorganisms (Lechevalier and Lechevalier 1988; O’Leary and 
Wilkinson 1988). Palmitic and stearic acids were observed by in bacterial cultures in which 
naphthenic acids had been removed by biodegradation (Clemente et al. 2004; Biryukova et al. 
2007). In addition, these acids have also been found in river water samples (Fatoki and Vernon 
1989; Scott et al. 2008). Thus, the appearance and predominance of palmitic and stearic acids 
in the 0 mg WAF/L (control) samples (Figure 1.3) is not unexpected because there were very 
likely microbial cells in these fish water samples. 
 
The statistical method of Clemente et al. (2003) was also used to determine if there were any 
differences among the various WAF samples. This method allows two samples to be compared 
to one another. The Level 5 (20 mg/L) sample was arbitrarily chosen for each set of 
comparisons. Thus, each water sample was compared to the Level 5 (20 mg/L) sample. The 
results of these comparisons are summarized in Table 1.7. 
 
Figures 1.1 and 1.3 show a marked difference between the distribution of ions in the 20 mg 
WAF/L fish water sample and the 0 mg WAF/L fish water sample. The statistical comparison of 
these two samples (Table 1.7) shows that (a) there is a difference between the Group 1 
naphthenic acids in these two samples, and (b) there is a difference between the Group 3 
naphthenic acids in these two samples.  
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Table 1.7. Statistical comparisons of distributions of naphthenic acids in various 
WAF fish water samples with the distributions of naphthenic acids in the Level 5 
(20 mg/L) sample. “S” indicates a significant difference ( P < 0.05); “NS” 
indicates no significant difference (P > 0.05). 

 
Sample 

Group 1 
(C5 to C13) 

Group 2 
(C14 to C21) 

Group 3 
(C22 to C33) 

Control 0 (mg/L) S NS S 
Level 1 (1.3 mg/L) NS NS S 
Level 2 (2.5 mg/L) NS NS NS 
Level 3 (5.0 mg/L) NS NS NS 
Level 4 (10 mg/L) NS NS NS 

 
 
Surprisingly, the statistical method does not show a difference between the Group 2 naphthenic 
acids in the control (0 mg/L) and in the Level 5 (20 mg/L) samples (Table 1.7), despite the visual 
differences between Figures. 1.1 and 1.3. 
 
As part of the statistical analysis developed by Clemente et al. (2003), each percent value in the 
matrix (e.g. Table 1.6) was divided by 100, and the arcsine of each of the quotient was taken as 
a variance stabilizing transformation. The mean of the arcsine-transformed data for each group 
from the GC-MS analysis of one sample was compared to the mean of the corresponding 
arcsine-transformed data of the corresponding group from a second sample by applying an 
independent two-sample t-test assuming equal variance.  
 
The mean of the relative abundance of the ions in each group from one naphthenic acids 
sample is compared to the sum of the relative abundance of the ions in each group from 
another naphthenic acids sample by a two-sided t-te st. For example, the comparisons in Table 
1.7 are based on the relative abundance of ions in one group of an individual sample being 
compared to the relative abundance of the ions in the corresponding group in the 20 mg WAF/L 
fish water sample. 
 
The inability of this statistical test to detect a difference between the sample means of the 
Group 2 naphthenic acids in the control (0 mg/L) and in the Level 5 (20 mg/L) samples is 
because of the large variability in the abundances of the various ions observed in the GC-MS 
analysis. For example, from Table 1.1, the abundance of the n = 16, Z = 0 ion was 40.2% 
whereas the abundance of the n = 17, Z = -4 was 0.0% in the control water. Even after the 
arcsine-transformations, this large variability would yield a large standard deviation, making it 
difficult to distinguish between the sample means. This is a limitation of the statistical method of 
Clemente et al. (2003). 
 
The statistical analyses discussed above are based on ion groupings according to carbon 
numbers. The data from the GC-MS analyses of the control (Table 1.1) and the 20 mg WAF/L 
(Level 5) (Table 1.6) have been analyzed by the same statistical approach with groupings based 
on Z numbers. These t-tests showed that the Z = -4 groups of the control and 20 mg WAF/L 
(Level 5) samples are statistically different and this result is consistent with results from an 
ongoing survey of river water samples and naphthenic acids-containing oil sands water samples 
from Alberta that have shown that the abundance of the Z = -4 group is an excellent indicator of 
the presence of naphthenic acids (Fedorak and co-workers, unpublished). Indeed, Merlin et al. 
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(2007) and Young et al. (2007; 2008) selectively monitored for ions corresponding to n = 13, Z = 
-4 to detect naphthenic acids in water and fish samples. 
 
The only other statistical difference between samples shown in Table 1.7 is in the Group 3 (C22 
to C33) naphthenic acids of the 1.3 mg WAF/L (Level 1) fish water sample and the 20 mg WAF/L 
(Level 5) fish water sample. However, commercial naphthenic acids preparations typically lack 
Group 3 acids (Clemente et al. 2003). For example, only 0.12% of the ions detected in the Level 
5 extract fell into the Group 3 acids. In contrast, 2.2% of the ions detected in the Level 1 extract 
fell into the Group 3 acids. Although this small difference was enough to be considered 
statistically different by the method of Clemente et al. (2003), the magnitude of the difference is 
not important. 
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APPENDIX E.  STATISTICS 
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