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STUDY SUMMARY 

 
Study Sponsor: American Petroleum Institute 
 
Protocol Title:   Growth Inhibition Test of Water Accommodated Fractions of 

Naphthenic Acids to the Unicellular Green Alga, 
Pseudokirchneriella subcapitata 

 
Location of Study:  ABC Laboratories, Inc. 
    7200 E. 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.:  64405 
 
Test Substance: Naphthenic Acids (CAS# 1338-24-5) 
 
Test Species:   Pseudokirchneriella subcapitata 
 
Source of Test Species: University of Texas at Austin (UTEX) 
 
Definitive Test Dates (in-life): October 09 to 13, 2009 
 
Test Duration:   96 hours 
 
Nominal Loading Rates: 0 (control), 2.5, 5.0, 10, 20, 40, and 80 mg naphthenic Acids/L 
 
72 Hour Mean 
Measured Concentrations: <MQL (control), 1.69, 3.48, 7.38, 15.0, 28.9, and 

44.9 mg naphthenic acids/L 
 
96 Hour Mean 
Measured Concentrations: <MQL (control), 1.64, 3.51, 7.41, 14.8, 28.4, and 

44.8 mg naphthenic acids/L 
 
Environmental Conditions: Test Solution Temperature: 23.2 to 24.2ºC 
(in biotic replicates) Test Solution pH:   6.8 to 8.9 
 Photoperiod:    continuous light 
 Light Intensity:   4,357 to 4,527 lux 
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Results Based on Nominal Loading Rates: 

Hour EL 
Type 

EL Value 
(mg Naphthenic 

Acids/L) 

95% Confidence Limits 
(mg Naphthenic Acids/L) 

NOELR 
(mg Naphthenic 

Acids/L) 

72 

ErL5 28.3 22.2 to 34.3 

10 
ErL10 31.1 26.3 to 35.9 
ErL20 34.6 31.4 to 37.7 
ErL50 41.3 40.3 to 42.3 
ErL90 54.9 44.3 to 65.5 

    
EyL5 9.32 7.84 to 10.8 

10 
EyL10 11.8 10.3 to 13.3 
EyL20 15.3 13.8 to 16.8 
EyL50 23.8 22.5 to 25.1 
EyL90 47.8 43.3 to 52.3 

96 

ErL5 25.6 22.9 to 28.3 

10 
ErL10 29.2 27.0 to 31.5 
ErL20 33.8 32.1 to 35.5 
ErL50 43.3 42.0 to 44.6 
ErL90 64.2 57.8 to 70.6 

    
EyL5 11.6 10.3 to 13.0 

10 
EyL10 14.1 12.8 to 15.4 
EyL20 17.4 16.1 to 18.6 
EyL50 24.8 23.6 to 25.9 
EyL90 43.5 40.3 to 46.6 
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Results Based on Mean Measured Concentrations: 

Hour EC 
Type 

EC Value 
(mg Naphthenic 

Acids/L) 

95% Confidence Limits 
(mg Naphthenic Acids/L) 

NOEC 
(mg Naphthenic 

Acids/L) 

72 

ErC5 22.0 21.8 to 22.3 

7.38 
ErC10 23.8 23.5 to 24.1 
ErC20 25.8 25.5 to 26.1 
ErC50 29.6 29.3 to 30.0 
ErC90 36.9 36.5 to 37.3 

    
EyC5 7.64 6.47 to 8.80 

7.38 
EyC10 9.45 8.28 to 10.6 
EyC20 11.9 10.8 to 13.0 
EyC50 17.7 16.7 to 18.7 
EyC90 33.0 30.1 to 36.0 

96 

ErC5 21.2 19.7 to 22.6 

7.41 
ErC10 23.1 21.9 to 24.3 
ErC20 25.4 24.6 to 26.3 
ErC50 29.9 29.3 to 30.5 
ErC90 38.7 30.5 to 41.2 

    
EyC5 9.03 8.02 to 10.0 

7.41 
EyC10 10.8 9.79 to 11.7 
EyC20 13.0 12.1 to 13.9 
EyC50 18.1 17.3 to 18.9 
EyC90 30.3 28.3 to 32.4 

Note:  Endpoints calculated for 72-hours are based on the 72-hour mean measured 
concentrations.  Endpoints calculated for 96-hours are based on the 96-hour mean measured 
concentrations. 
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1.0 INTRODUCTION 

The American Petroleum Institute contracted ABC Laboratories, Inc. to perform a 96-hour 
growth inhibition test with the freshwater green alga, Pseudokirchneriella subcapitata, exposed 
to water accommodated fraction (WAF) preparations of naphthenic acids (CAS# 1338-24-5).  
The primary objective of the test was to define the concentration response curve and determine 
the 72- and 96-hour EL50 and EC50 values of the test substance with Pseudokirchneriella 
subcapitata (formerly Selenastrum capricornutum) under static test conditions.  Reduction in 
algal cell density, algal growth rates, and yield in test substance treatments relative to the 
controls were used to evaluate the phytotoxicity of the test substance.  In addition, a no-
observed-effect loading rate (NOELR) and concentration (NOEC) at 72- and 96-hours was 
determined. 

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 are 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 Species 

The parent stock of Pseudokirchneriella subcapitata, formerly known as Selenastrum 
capricornutum, was obtained from the Department of Botany, Culture Collection of Algae, 
University of Texas at Austin, on 30 June 2009.  The parent stock was identified as Selenastrum 
capricornutum.  The prepared cultures were maintained in a temperature-controlled 
environmental chamber under continuous light.  Periodically, new cultures were cloned from an 
existing culture derived from the parent stock.  All cultures were maintained under the same 
conditions as those used for testing.  The algal culture used for this test was three days old at test 
initiation and the biomass had increased exponentially (i.e., specific growth rate of 1.5 day-1) 
during the culture period. 

2.3 Test Medium 

The test medium was a freshwater algal nutrient medium (1).  The medium was prepared by the 
addition of appropriate reagent grade salts to autoclaved ABC reagent water.  ABC reagent water 
is produced by passing reverse-osmosis water through a series of deionization tanks, a laboratory 
water purification system consisting of carbon, de-mineralization, and organic adsorption 
cartridges, and then through a 0.2-μm filter.  After preparation, the medium was pH-adjusted to 
7.5 ± 0.1 using 0.1 N NaOH and filtered through 0.45-μm Millipore® filters.  Chemical 
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characterization of a representative sample of the base water, i.e., ABC well water used to 
prepare ABC reagent water is presented in Appendix B. 

2.4 Biological Test Methods 

Test procedures followed the ABC test protocol entitled, “Growth Inhibition Test of Water 
Accommodated Fractions of Naphthenic Acids to the Unicellular Green Alga, 
Pseudokirchneriella subcapitata,” with amendments (Appendix C).  The protocol was designed 
to meet U.S. EPA guideline 850.5400 (2) and OECD guideline 201 (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 (6). 

2.4.1 Range-Finding Test 

A 96-hour range-finding test was conducted from August 07 to 11, 2009, at nominal loading 
rates of 0 (control), 10, 25, 50, and 100 mg naphthenic acids/L.  One water accommodated 
fraction (WAF) at each loading rate was prepared by adding the appropriate amount of test 
substance to 2 L of dilution medium in an autoclaved clean 2-L glass carboy.  The control WAF 
preparation consisted of dilution medium only.  Each carboy contained a 2-inch Teflon-coated 
stir bar and was sealed with a screw cap.  The WAF preparations were allowed to stir for 24 
hours ± 1 hour.  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 outlet of their respective aspirator bottle.  The first ~100 mL of 
solution from each WAF was drained into a waste container.  All treatments consisted of three 
exposure flasks.  At test initiation, all replicates of the control and each test substance treatment 
(replicates A, B, and C) were inoculated with 1.0 mL of an algal concentrate containing 
approximately 1.0 x 106 cells/mL, resulting in a final density of approximately 1.0 x 104 cells/mL 
for each flask.  At test initiation and termination, the controls and all test substance treatment 
solutions were clear and colorless with no visible precipitate, surface film, or undissolved test 
substance.  The control cell density at termination was 92 × 104 cells/mL.  The percent change in 
cell density at 96 hours, as compared to the control mean cell density, was +1, -41, -99, and -
99% in the 10, 25, 50, and 100 mg naphthenic acids/L treatments, respectively (Table 1).  Based 
on these results, a nominal concentration range of 0 (control), 2.5, 5.0, 10, 20, 40, and 80 mg 
naphthenic acids/L was selected for the definitive test. 

2.4.2 Definitive Test 

The in-life phase of the definitive test was conducted from October 09 to 13, 2009.  One water 
accommodated fraction (WAF) at each loading rate was prepared by adding the appropriate 
amount of test substance to 4 L of dilution medium in an autoclaved clean 4-L glass carboy.  The 
control WAF preparation consisted of dilution medium only.  Each carboy contained a 2-inch 
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Teflon-coated stir bar and was sealed with a screw cap.  The WAF preparations were allowed to 
stir for 24 hours ± 1 hour.  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 outlet of their respective aspirator bottle.  The first ~100 mL of 
solution from each WAF was drained into a waste container.   
 
The exposure flasks were 250-mL Erlenmeyer flasks with foam stoppers and labeled with study 
number, treatment, replicate, and grid position.  Prior to test initiation, the flasks were cleaned 
and autoclaved according to ABC standard operating procedures.  The control and each test 
substance treatment were replicated seven times (i.e., replicates A, B, C, D, E, F, and G).  Each 
replicate (A, B, C, D, E, and F) contained 100 mL of the appropriate parent solution in 250-mL 
Erlenmeyer flasks.  Replicates  D, E, and F of each test substance treatment were prepared to 
provide additional analytical sample volume at 96 hours.  Replicate G of the control and each 
test substance treatment contained 600 mL of the appropriate parent solution and was prepared in 
a 1-L Erlenmeyer flask and used for analytical samples at 72 hours.  At test initiation, all 100 mL 
replicates of the control and each test substance treatment (replicates A, B, C, D, E, and F) were 
inoculated with 1.0 mL of an algal concentrate containing approximately 1.0 x 106 cells/mL, 
resulting in a final density of approximately 1.0 x 104 cells/mL for each flask.  Replicate G of 
each treatment was inoculated with 6 mL of the prepared inoculum along with all other 
replicates.  These 600-mL volume replicates received the same 1.0 x 104 cells/mL initial cell 
density as all other replicates.  The replicates were inoculated with algae within 30 minutes after 
test solution preparation.  At 24, 48, 72, and 96 hours (±1 hour), cell density was measured in all 
100 mL replicates of the control, as well as replicates A, B, and C of each test substance 
treatment by direct microscopic counting with a hemacytometer.   
 
During the four-day exposure period, the flasks were randomly positioned daily using a 
computer-generated random number table and incubated at 24 ± 2°C in a temperature controlled 
environmental chamber under continuous cool-white fluorescent lighting.  A continuous 
recording of environmental chamber temperature was made from one uninoculated blank flask 
using an electronic datalogger with thermistor probe.  Light intensity was measured daily with a 
LI-COR Model LI-189 light meter equipped with a LI-COR photometric sensor and ranged from 
4,357 to 4,527 lux.  The flasks were swirled on orbital shaker tables at 100 rpm throughout the 
test.  Temperature and pH were measured in all parent solutions prior to distribution of the 
solutions to the test flasks.  At 72 hours, temperature and pH were measured in replicate G of the 
control and each test substance treatment.  At 96 hours, temperature and pH were measured in 
replicate A of the control and each test substance treatment.  All temperature and pH 
measurements of the test solutions were performed with a WTW Model pH 330i meter. 

2.5 Analytical Test Method 

Test solutions were analyzed for the concentration of naphthenic acids using Fourier transform 
infrared spectroscopy (FTIR).  Analysis was accomplished based on the method described by 
Jivraj et al. (7) and developed at ABC Laboratories (6).  Details of the sample collection, 
preparation, and method of analysis are described below. 



ABC Study No. 64405 

Page 14 of 330 
  

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 range-finding and 
definitive tests.  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. 

2.5.2 Test Solution Analysis 

The concentration of total dissolved naphthenic acids was measured in test solution samples 
collected at 0 and 96 hours of the range-finding test and 0, 72, and 96 hours of the definitive test.  
Samples from freshly-prepared parent solutions were collected at 0 hours of the range-finding 
and definitive tests, from replicate G of the control and each test substance treatment at 72 hours 
of the definitive test, and from composite samples, after combining replicate solutions by 
treatment, at 96 hours of the range-finding and definitive tests.  The analyses were completed on 
October 14, 2009.  Control and naphthenic acids-fortified samples were also prepared for 
analysis at each sample period. 

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 extaction 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. 
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2.5.3 Instrumentation Conditions 

Sample analysis was performed using a FTIR 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 Calculation s 

Naphthenic acid concentrations were determined directly from the standard curve by the 
following equation: 
 

( ) ppm
orppb

mg/L
orμg/L

npreparatiobeforemLinvolumesample
aphychromatogr

formLin
volumesample

equationcurve
standardfromsubstancetest

forsequivalentmg/Lorμg/L

==
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

 

 
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 10 mg/L nominal loading rate WAF sample at 0 hours: 

 
Standard Curve:  y = 0.000158837x +0.007289944 
Sample Peak Response:  0.0232 
Concentration from standard curve: 100.166 mg/L  
 
Volume for Analysis:  40 mL 
Sample Volume:  500 mL 
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The concentration of naphthenic acid in the sample was calculated by the following equation: 
 

( )( ) mg/L  8.01 
mL500

mL 40acid naphthenic mg 100.166
=  

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

mg/L as expressed MQL  

(mL) volume
sample

(mL) volume
analysis

 
mg/Lion concentrat

standard low

=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

 

 
Lowest standard concentration: 75.0 µg/mL 
Analysis volume: 4 mL 
Sample volume: 500 mL 
therefore: 
 

MQL = mg/L 0.600  
mL) (500

mL) (4 mg/L)  (75.0
=  

 

2.6 Statistical Analysis 

All statistical analyses were performed with SAS software (Version 9.1).   

2.6.1 NOEC Estimates 

The NOELR and NOEC values, based on growth rate and yield, were estimated using a one-way 
analysis of variance (ANOVA) procedure and a two-tailed Dunnett’s test (p = 0.05) where the 
alternate hypothesis was the mean for the growth parameter was reduced or enhanced in 
comparison to the control.  Prior to the Dunnett’s test, a Shapiro-Wilk’s test and a Levene’s test 
were conducted to test for normality and homogeneity of variance, respectively, over treatments 
at each time point.  If the results from the Shapiro-Wilk’s and Levene’s tests indicated normality 
and insignificant heterogeneity (i.e., p > 0.01), the analysis was performed on the non-
transformed raw data.  In instances of non-normality or heterogeneity (i.e., p < 0.01), a square 
root transformation was performed.  If both the non-transformed raw data and the transformed 
data exhibited non-normality or inequality of variance, a non-parametric analysis of variance was 
performed on the ranks of the raw data values.  A non-parametric analysis was performed on all 
growth rate and yield data at 24, 48, 72, and 96 hours.   

2.6.2 Percent Inhibition Calculations and EC Estimates 

The specific growth rate in each treatment was calculated for each period, i.e., 0 to 24, 0 to 48, 0 
to 72, and 0 to 96 hours using the following equation: 
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t  t
N   N  = μ

1n

1n

−
− lnln  

where: 
μ = average specific growth rate 
Nn = cell density at second time point 
N1 = cell density at 0-hour time point 
tn = second time point 
t1 = 0-hour time point 
 

Yield in each treatment was calculated for each period, i.e., 24, 48, 72, and 96 hours using the 
following equation: 
 
 Yield = Biomass (cell counts) at hour N – Biomass (cell counts) at 0 hour 
 
where: 
 N = time point 

 
The ErL50, EyL50, ErC50, and EyC50 estimates were calculated using a logistic (sigmoid-shaped) 
model fit to the data with percent inhibition as the dependent variable and concentration as the 
independent variable.  The percent inhibition was calculated based on specific growth rate and 
yield using the following formula. 
 

Inhibitionx
MeanControl

TreatmentMeanControl  % = %100  −
 

 
The model used to describe the response to increasing test substance concentrations was the four-
parameter logistic model with two parameters fixed; the minimum percent inhibition (A) at 0%, 
and the maximum percent inhibition (D) at 100%.  The model was fit only in instances where the 
mean percent inhibition at the highest test substance treatment was greater than 45%.  The model 
is: 
 

⎥
⎦

⎤
⎢
⎣

⎡

×+
+=

 )])(EC ) x([(1
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where: 

y = inhibition 
 x = test concentration 
 B  = slope 
 EC50 = concentration corresponding to a response halfway between the 

minimum and maximum, 50% inhibition in this case 
 
A nonlinear modeling procedure was used to estimate the slope (B) and EC values.  The 
distribution of x hat method was used to estimate the 95% confidence limits. 
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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 with the FTIR analysis, 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 H. 

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 treatment solutions at test 
initiation were 5.80, 16.7, 31.9, and 45.4 mg naphthenic acids/L, which represented recoveries of 
45 to 67% of the nominal loading rates.  The measured concentrations in test substance treatment 
solutions at 96 hours were 4.82, 14.5, 29.1, 38.5 mg naphthenic acids/L, which represented 
recoveries of 39 to 58% of the nominal loading rates and 83 to 91% of the measured 
concentrations at initiation.  Recoveries from QC fortifications ranged from 87 to 94% of the 
nominal concentrations.  The analytical results are summarized in (Table 2). 

3.1.2 FTIR Analyses - Definitive Test 

Naphthenic acid concentrations were measured in test solutions at test 0, 72, and 96 hours of the 
definitive test.  Measured concentrations of naphthenic acids in the test solutions at test initiation 
were 1.83, 3.86, 8.01, 16.0, 31.4, and 47.4 mg naphthenic acids/L, which represented recoveries 
of 59 to 80% of the nominal loading rates (Table 3).  The measured concentrations in test 
solutions at 72 hours were 1.54, 3.10, 6.75, 13.9, 26.4, and 42.3 mg naphthenic acids/L, 
representing 53 to 70% of the nominal loading rates and 80 to 89% of the initial measured 
concentrations.  Mean measured concentrations at 72 hours were 1.69, 3.48, 7.38, 15.0, 28.9, and 
44.9 mg naphthenic acids/L, which represent 56 to 75% of the nominal loading rates and 90 to 
95% of the initial measured concentrations.  The measured concentrations in test solutions at 96 
hours were 1.55, 3.56, 7.47, 14.5, 27.4, and 44.6 mg naphthenic acids/L, which represented 
recoveries of 56 to 75% of the nominal loading rates and 85 to 94% of the initial measured 
concentrations.  Mean measured concentrations at 96 hours were 1.64, 3.51, 7.41, 14.8, 28.4, and 



ABC Study No. 64405 

Page 19 of 330 
  

44.8 mg naphthenic acids/L, which represent 56 to 74% of the nominal loading rates and 90 to 
95% of the initial measured concentrations (Table 3).  No residues of naphthenic acids were 
detected in the control solutions above the MQL of 0.600 mg naphthenic acids/L.  Recoveries 
from QC fortifications ranged from 90 to 104% of the nominal concentrations.  The biological 
response results are based upon the nominal loading rates and mean measured concentrations.  
Endpoints calculated for time periods ≤72-hours are based on the 72-hour mean measured 
concentrations.  Endpoints calculated for 96-hours are based on the 96-hour mean measured 
concentrations. 

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 81-94% 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 
70-83% 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 H. 

3.2 Biological Results 

After 72 hours of exposure, mean cell density in the control was 47 x 104 cells/mL, or 47 times 
the initial nominal cell density (Table 4).  The mean cell density in the naphthenic acids 
treatments at 72 hours ranged from a low of 1.0 x 104 cells/mL at the nominal loading rate of 
80 mg naphthenic acids/L to a high of 47 x 104 cells/mL at the nominal loading rate of 
2.5 mg naphthenic acids/L.  After 96 hours of exposure, mean cell density in the control was 
154 x 104 cells/mL, or 154 times the initial nominal cell density (Table 4).  The mean cell density 
in the naphthenic acids treatments at 96 hours ranged from a low of 1.2 x 104 cells/mL at the 
nominal loading rate of 80 mg naphthenic acids/L to a high of 151 x 104 cells/mL at the nominal 
loading rate of 5.0 mg naphthenic acids/L.  Percent change in algal growth at 96 hours, as 
compared to the control, ranged from -99% at the nominal loading rate of 80 mg naphthenic 
acids/L to -2% at the nominal loading rate of 5.0 mg naphthenic acids/L.  The cell density values 
for individual replicate flasks are presented in Appendix D.  Growth curves for the controls and 
naphthenic acids treatments are presented in Figure 1.  All algal cells appeared normal with no 
unusual cell shapes, color differences, flocculation, adherence of algae to test chambers, or 
aggregation of algal cells.  A determination of algistatic from algicidal effects was not performed 
due to no test substance treatment being maximally inhibited (i.e., cell numbers in a treatment 
being less than or equal to the initial cell density at termination) 
 
The mean growth rate values, based on growth rate from time zero, for the controls and all test 
substance treatments are presented in Table 5.  Growth rate values for individual replicate flasks 
are presented in Appendix E.  Percent change in growth rate from time zero to 96 hours, as 
compared to the control, ranged from -97% at the concentration of 80 mg naphthenic acids/L to 
-1% at the concentrations of 2.5, 5.0, and 10 mg naphthenic acids/L (Figure 2).  The NOELR at 
96 hours was 10 mg naphthenic acids/L (NOEC 7.41 mg naphthenic acids/L), based on the lack 
of a statistically significant reduction in growth rate from time zero at this and lower test 
substance treatments.  Based on growth rate, the 72-hour ErL50 was estimated to be 41.3 mg 
naphthenic acids/L, with 95% confidence limits of 40.3 and 42.3 mg naphthenic acids/L.  Based 
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on growth rate, the 72-hour ErC50 was estimated to be 29.6 mg naphthenic acids/L, with 95% 
confidence limits of 29.3 and 30.0 mg naphthenic acids/L.  Based on growth rate, the 96-hour 
ErL50 was estimated to be 43.3 mg naphthenic acids/L, with 95% confidence limits of 42.0 and 
44.6 mg naphthenic acids/L.  Based on growth rate, the 96-hour ErC50 was estimated to be 
29.9 mg naphthenic acids/L, with 95% confidence limits of 29.3 and 30.5 mg naphthenic 
acids/L.  All results of the statistical evaluations with growth rate and the nominal concentrations 
are presented in 1Table 7 and Table 8.  The coefficient of variation of average specific growth 
rates during the whole test period in control replicates was 2%.  The mean coefficient of 
variation in growth rate at 72 hours between adjacent time periods was 10% for the control 
replicates (Appendix F).The mean coefficient of variation in growth rate at 96 hours between 
adjacent time periods was 10% for the control replicates (Appendix F).  
 
The mean yield values for the control and all test substance treatments are presented in 1Table 6.  
Yield values for individual replicate flasks are presented in Appendix G.  Percent change in yield 
at 96 hours, as compared to the control, ranged from -100% at the concentration of 
80 mg naphthenic acids/L to -2% at the concentration of 5.0 mg naphthenic acids/L (Figure 3).  
The NOELR at 96 hours was 10 mg naphthenic acids/L (NOEC 7.41 mg naphthenic acids/L), 
based on the lack of a statistically significant reduction in growth rate from time zero at this and 
lower test substance treatments.  Based on yield, the 72-hour EyL50 was estimated to be 23.8 mg 
naphthenic acids/L, with 95% confidence limits of 22.5 and 25.1 mg naphthenic acids/L.  Based 
on yield, the 72-hour EyC50 was estimated to be 17.7 mg naphthenic acids/L, with 95% 
confidence limits of 16.7 and 18.7 mg naphthenic acids/L.  Based on yield, the 96-hour EyL50 
was estimated to be 24.8 mg naphthenic acids/L, with 95% confidence limits of 23.6 and 
25.9 mg naphthenic acids/L.  Based on yield, the 96-hour EyC50 was estimated to be 18.1 mg 
naphthenic acids/L, with 95% confidence limits of 17.3 and 18.9 mg naphthenic acids/L.  All 
results of the statistical evaluations with yield and the nominal concentrations are presented in 
1Table 7 and Table 8. 

3.3 Water Quality 

All water quality parameters remained within acceptable limits throughout the 96 hour exposure 
(Table 9).  Test solution temperature, measured at 0, 72 and 96 hours, ranged from 23.2 to 
24.2°C.  Test solution pH ranged from 6.9 to 7.6 at 0 hour and ranged from 7.6 to 8.9 in 
biological replicates at 96 hours.  At test initiation and during the exposure, all test solutions 
appeared clear with no color associated with the test substance, and with no visible precipitates, 
surface films, or undissolved test substance. 

4.0 CONCLUSIONS 

The test acceptability criteria were met for this study.  The number of algal cells in the control at 
test termination was greater than 16 times the number initially inoculated to verify logarithmic 
phase growth.  The coefficient of variation of average specific growth rates during the whole test 
period in control replicates did not exceed 7%.  Since the study was not conducted as a limit test, 
there were at least one test concentration exhibiting less than 50% decrease in growth and one 
concentration exhibiting greater than 50% decrease in growth relative to the control.  The pH in 
the control did not increase more than 1.5 units during the study.  This study is classified as 
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acceptable and satisfies the guideline requirement for a growth inhibition test with 
Pseudokirchneriella subcapitata. 
 
Results Based on Nominal Loading Rates: 

Hour EL 
Type 

EL Value 
(mg Naphthenic 

Acids/L) 

95% Confidence Limits 
(mg Naphthenic Acids/L) 

NOELR 
(mg Naphthenic 

Acids/L) 

72 

ErL5 28.3 22.2 to 34.3 

10 
ErL10 31.1 26.3 to 35.9 
ErL20 34.6 31.4 to 37.7 
ErL50 41.3 40.3 to 42.3 
ErL90 54.9 44.3 to 65.5 

    
EyL5 9.32 7.84 to 10.8 

10 
EyL10 11.8 10.3 to 13.3 
EyL20 15.3 13.8 to 16.8 
EyL50 23.8 22.5 to 25.1 
EyL90 47.8 43.3 to 52.3 

96 

ErL5 25.6 22.9 to 28.3 

10 
ErL10 29.2 27.0 to 31.5 
ErL20 33.8 32.1 to 35.5 
ErL50 43.3 42.0 to 44.6 
ErL90 64.2 57.8 to 70.6 

    
EyL5 11.6 10.3 to 13.0 

10 
EyL10 14.1 12.8 to 15.4 
EyL20 17.4 16.1 to 18.6 
EyL50 24.8 23.6 to 25.9 
EyL90 43.5 40.3 to 46.6 
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Results Based on Mean Measured Concentrations: 

Hour EC 
Type 

EC Value 
(mg Naphthenic 

Acids/L) 

95% Confidence Limits 
(mg Naphthenic Acids/L) 

NOEC 
(mg Naphthenic 

Acids/L) 

72 

ErC5 22.0 21.8 to 22.3 

7.38 
ErC10 23.8 23.5 to 24.1 
ErC20 25.8 25.5 to 26.1 
ErC50 29.6 29.3 to 30.0 
ErC90 36.9 36.5 to 37.3 

    
EyC5 7.64 6.47 to 8.80 

7.38 
EyC10 9.45 8.28 to 10.6 
EyC20 11.9 10.8 to 13.0 
EyC50 17.7 16.7 to 18.7 
EyC90 33.0 30.1 to 36.0 

96 

ErC5 21.2 19.7 to 22.6 

7.41 
ErC10 23.1 21.9 to 24.3 
ErC20 25.4 24.6 to 26.3 
ErC50 29.9 29.3 to 30.5 
ErC90 38.7 30.5 to 41.2 

    
EyC5 9.03 8.02 to 10.0 

7.41 
EyC10 10.8 9.79 to 11.7 
EyC20 13.0 12.1 to 13.9 
EyC50 18.1 17.3 to 18.9 
EyC90 30.3 28.3 to 32.4 

Note:  Endpoints calculated for 72-hours are based on the 72-hour mean measured 
concentrations.  Endpoints calculated for 96-hours are based on the 96-hour mean measured 
concentrations. 
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PROTOCOL DEVIATIONS 

None. 
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Table 1. Biological Responses During the Range-Finding Test with the Freshwater Green 
Alga, Pseudokirchneriella subcapitata Exposed to Naphthenic Acids 

 
  96-Hr Cell Counts (cells/mL × 104) Percent Change as 

Compared to 
Control Mean Cell 

Density 

Nominal WAF 
Loading Rate 

(mg naphthenic acids/L)  
Replicate 

Mean Treatment Mean 

0 (control) A 

0 (control) B 

0 (control) C 

 84 

105 

88 

92 Not applicable 

10 A 

10 B 

10 C 

 112 

83 

85 

93 +1 

25 A 

25 B 

25 C 

 53 

60 

50 

54 -41 

50 A 

50 B 

50 C 

 0.67 

0.67 

0.78 

0.71 -99 

100 A 

100 B 

100 C 

 0.78 

0.56 

0.67 

0.67 -99 
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Table 2. Measured Concentrations of Naphthenic Acids During the Range-Finding Test 
with the Freshwater Green Alga, Pseudokirchneriella subcapitata 

 

Nominal WAF 
Loading Rate 

(mg naphthenic 
acids/L) 

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

0-Hour 96-Hours 
96-Hours 

Percent of 0-Hour 
Mean 

0 (control) < MQLa < MQLa NA   < MQLa 

10 5.80 (58) 4.82 (48) 83% 5.31 (53) 

25 16.7 (67) 14.5 (58) 87% 15.6 (62) 

50 31.9 (64) 29.1 (58) 91% 30.5 (61) 

100 45.4 (45) 38.5 (39) 85% 42.0 (84) 

QC Fortification Spikes (% Recovery) 

Low Spike (5.0) 4.69 (94) 4.36 (87) --- --- 

High Spike (110) 100 (91) 95.9 (87) --- --- 

a Minimum Quantifiable Limit (MQL) = 0.600 mg/L. 
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Table 3. Measured Concentrations of Naphthenic Acids in Test Solutions During the 
Definitive 96-Hour Toxicity Test with the Freshwater Green Alga, 
Pseudokirchneriella subcapitata 

Nominal WAF 
Loading Rate 

(mg naphthenic 
acids/L) 

Measured Concentration 
(Percent Nominal/0 Hour) 

0 Hour 72 Hour 72 Hour 
Mean 96 Hour 96 Hour 

Mean 

Control < MQL a < MQLa NA < MQLa NA 

2.5 1.83 (73/---) 1.54 (62/84) 1.69 (68/92) 1.55 (62/85) 1.64 (66/90) 

5.0 3.86 (77/---) 3.10 (62/80) 3.48 (70/90) 3.56 (71/92) 3.51 (70/91) 

10 8.01 (80/---) 6.75 (68/84) 7.38 (74/92) 7.47 (75/93) 7.41 (74/93) 

20 16.0 (80/---) 13.9 (70/87) 15.0 (75/94) 14.5 (73/91) 14.8 (74/93) 

40 31.4 (79/---) 26.4 (66/84) 28.9 (72/92) 27.4 (69/87) 28.4 (71/90) 

80 47.4 (59/---) 42.3 (53/89) 44.9 (56/95) 44.6 (56/94) 44.8 (56/95) 

 QC Fortification Spike Recoveries (Percent Nominal) 

2.00 (Low Spike) 1.86 (93) 1.79 (90) --- 1.80 (90) --- 

90 (High Spike) 93.5 (104) 92.6 (103) --- 93.9 (104) --- 
 

a Minimum Quantifiable Limit (MQL) = 0.600 mg Naphthenic Acids/L 
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Table 4. Cell Density Values for Pseudokirchneriella subcapitata During a Definitive 
96-Hour Exposure to Naphthenic Acids 

Nominal WAF 
Loading Rate 

(mg naphthenic 
acids/L) 

Mean Cell Density (cells/mL x 104) a % Change b 

 24 Hours  48 Hours  72 Hours  96 Hours 96 Hours 

Control  3.3  13  47  154 --- 

2.5  3.3  12  47  147 -5 

5.0  3.3  13  45  151 -2 

10  3.1  12  40  149 -3 

20  2.9  7.5  30  108 -30 

40  1.6  3.4  8.7  22 -86 

80  1.2  1.4  1.0  1.2 -99 
 

a Mean cell density calculated using the individual replicate densities presented in Appendix D. 
b Percent change as compared to the control was determined at 96 hours using the following 

equation: 
 
% change = (((treatment cells/mL) - (control cells/mL))/ control cells/mL) x 100 

 
Note:  Target inoculation cell density was 1.0 x 104 cells/mL. 
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Table 5. Growth Rate Values From Time Zero for Pseudokirchneriella subcapitata During 
a Definitive 96-Hour Exposure to Naphthenic Acids 

Nominal WAF 
Loading Rate 

(mg naphthenic 
acids/L) 

Mean Growth Rate (cells/mL/hour) a % Change b 

 0-24 
Hours  0-48 

Hours  0-72 
Hours  0-96 Hours 

(%CV) 96 Hours 

Control  0.0490  0.0537  0.0534  0.0525 
(2) --- 

2.5  0.0501  0.0523  0.0534  0.0520 
(1) -1 

5.0  0.0494  0.0533  0.0528  0.0522 
(1) -1 

10  0.0470  0.0511  0.0511  0.0521 
(2) -1 

20  0.0438  0.0418*  0.0473*  0.0487* 
(3) -7 

40  0.0186*  0.0255*  0.0300*  0.0320* 
(4) -39 

80  0.00629*  0.00742*  0.000305*  0.00163* 
(173) -97 

 
a Mean growth rate values calculated using the individual replicate growth rates presented in 

Appendix E.  Values are rounded to three significant figures. 
b Percent change as compared to the control was determined at 96 hours using the following 

equation: 
 

% change = (((treatment growth rate) - (control growth rate))/ control growth rate) x 100 
 
* Significant reduction in growth rate as compared to the control (Dunnett’s test, p = 0.05). 
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Table 6. Yield Values for Pseudokirchneriella subcapitata During a Definitive 96-Hour 
Exposure to Naphthenic Acids 

Nominal WAF 
Loading Rate 

(mg naphthenic 
acids/L) 

Yield (cells/mL × 104) a % Change b 

 24 Hours  48 Hours  72 Hours  96 Hours 
(%CV) 96 Hours 

Control  2.25  12.2  46.2  153 
(9) --- 

2.5  2.33  11.3  45.7  146 
(6) -5 

5.0  2.30  12.0  44.0  150 
(6) -2 

10  2.13  10.7  39.0  148 
(11) -3 

20  1.87  6.47*  29.3*  107* 
(15) -30 

40  0.567*  2.40*  7.73*  20.7* 
(14) -86 

80  0.167*  0.433*  0.0300*  0.200* 
(173) -100 

 

a Mean yield calculated using the individual replicate yield presented in Appendix G.  Yield 
calculated as the biomass at the end of the exposure period minus the starting biomass (i.e., 
target inoculation cell density of 1.0 x 104 cells/mL).  Values are rounded to three significant 
figures. 

b Percent change as compared to the control was determined at 96 hours using the following 
equation: 
 
% change = (((treatment yield) - (control yield))/ control yield) x 100 
 

* Significant reduction in yield as compared to the control (Dunnett’s test, p = 0.05). 
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Table 7. Summary of EL and NOELR Estimates, Based on Nominal Loading Rates, for 
Pseudokirchneriella subcapitata Exposed to Naphthenic Acids 

Hour 
EL 

Type 

EL Value 
(mg Naphthenic 

Acids/L) 
95% Confidence Limits 

(mg Naphthenic Acids/L) 

NOELR 
(mg Naphthenic 

Acids/L) 

24 

ErL5 11.4 7.16 to 15.7 

20 
ErL10 15.2 10.6 to 19.7 
ErL20 20.6 16.1 to 25.2 
ErL50 34.9 31.1 to 38.7 
ErL90 >80 Not Statistically Sound 

    
EyL5 12.4 8.54 to 16.3 

20 
EyL10 15.5 11.6 to 19.4 
EyL20 19.7 16.0 to 23.4 
EyL50 29.7 26.8 to 32.7 
EyL90 57.2 48.7 to 65.7 

48 

ErL5 10.4 8.69 to 12.2 

10 
ErL10 14.4 12.5 to 16.4 
ErL20 20.5 18.5 to 22.5 
ErL50 37.4 35.6 to 39.2 
ErL90 >80 Not Statistically Sound 

    
EyL5 6.10 4.66 to 7.54 

10 
EyL10 8.39 6.81 to 9.98 
EyL20 11.9 10.2 to 13.5 
EyL50 21.5 19.9 to 23.0 
EyL90 54.9 47.6 to 62.1 
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Table 7. Summary of EL and NOELR Estimates, Based on Nominal Loading Rates, for 

Pseudokirchneriella subcapitata Exposed to Naphthenic Acids (continued) 
 

Hour EL 
Type 

EL Value 
(mg Naphthenic 

Acids/L) 

95% Confidence Limits 
(mg Naphthenic Acids/L) 

NOELR 
(mg Naphthenic 

Acids/L) 

72 

ErL5 28.3 22.2 to 34.3 

10 
ErL10 31.1 26.3 to 35.9 
ErL20 34.6 31.4 to 37.7 
ErL50 41.3 40.3 to 42.3 
ErL90 54.9 44.3 to 65.5 

    
EyL5 9.32 7.84 to 10.8 

10 
EyL10 11.8 10.3 to 13.3 
EyL20 15.3 13.8 to 16.8 
EyL50 23.8 22.5 to 25.1 
EyL90 47.8 43.3 to 52.3 

96 

ErL5 25.6 22.9 to 28.3 

10 
ErL10 29.2 27.0 to 31.5 
ErL20 33.8 32.1 to 35.5 
ErL50 43.3 42.0 to 44.6 
ErL90 64.2 57.8 to 70.6 

    
EyL5 11.6 10.3 to 13.0 

10 
EyL10 14.1 12.8 to 15.4 
EyL20 17.4 16.1 to 18.6 
EyL50 24.8 23.6 to 25.9 
EyL90 43.5 40.3 to 46.6 
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Table 8. Summary of EC and NOEC Estimates, Based on Mean Measured Concentrations, 
for Pseudokirchneriella subcapitata Exposed to Naphthenic Acids 

Hour 
EC 

Type 

EC Value 
(mg Naphthenic 

Acids/L) 
95% Confidence Limits 

(mg Naphthenic Acids/L) 

NOEC 
(mg Naphthenic 

Acids/L) 

24 

ErC5 10.8 7.77 to 14.0 

15.0 
ErC10 13.5 10.4 to 16.6 
ErC20 17.0 14.1 to 19.9 
ErC50 25.3 23.3 to 27.4 
ErC90 >44.9 Not Statistically Sound 

    
EyC5 10.2 7.77 to 12.6 

15.0 
EyC10 12.4 9.98 to 14.8 
EyC20 15.3 13.0 to 17.6 
EyC50 22.0 20.2 to 23.8 
EyC90 39.0 35.1 to 42.9 

48 

ErC5 11.5 9.42 to 13.6 

7.38 
ErC10 14.3 12.3 to 16.4 
ErC20 18.2 16.2 to 20.1 
ErC50 27.3 26.0 to 28.6 
ErC90 >44.9 Not Statistically Sound 

    
EyC5 5.13 3.98 to 629 

7.38 
EyC10 6.85 5.61 to 8.08 
EyC20 9.35 8.08 to 10.6 
EyC50 15.9 14.8 to 17.1 
EyC90 37.2 32.7 to 41.6 

Note:  Endpoints calculated for time periods ≤72-hours are based on the 72-hour mean measured 
concentrations. 
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Table 8. Summary of EC and NOEC Estimates, Based on Initial Measured Concentrations, 

for Pseudokirchneriella subcapitata Exposed to Naphthenic Acids (continued) 
 

Hour EC 
Type 

EC Value 
(mg Naphthenic 

Acids/L) 

95% Confidence Limits 
(mg Naphthenic Acids/L) 

NOEC 
(mg Naphthenic 

Acids/L) 

72 

ErC5 22.0 21.8 to 22.3 

7.38 
ErC10 23.8 23.5 to 24.1 
ErC20 25.8 25.5 to 26.1 
ErC50 29.6 29.3 to 30.0 
ErC90 36.9 36.5 to 37.3 

    
EyC5 7.64 6.47 to 8.80 

7.38 
EyC10 9.45 8.28 to 10.6 
EyC20 11.9 10.8 to 13.0 
EyC50 17.7 16.7 to 18.7 
EyC90 33.0 30.1 to 36.0 

96 

ErC5 21.2 19.7 to 22.6 

7.41 
ErC10 23.1 21.9 to 24.3 
ErC20 25.4 24.6 to 26.3 
ErC50 29.9 29.3 to 30.5 
ErC90 38.7 30.5 to 41.2 

    
EyC5 9.03 8.02 to 10.0 

7.41 
EyC10 10.8 9.79 to 11.7 
EyC20 13.0 12.1 to 13.9 
EyC50 18.1 17.3 to 18.9 
EyC90 30.3 28.3 to 32.4 

Note:  Endpoints calculated for time periods ≤72-hours are based on the 72-hour mean measured 
concentrations.  Endpoints calculated for 96-hours are based on the 96-hour mean measured 
concentrations. 
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Table 9. Test Solution Temperature and pH Measurements During a 96-Hour Exposure of 
Pseudokirchneriella subcapitata to Naphthenic Acids 

Nominal WAF 
Loading Rate 

(mg naphthenic 
acids/L) 

0 Hour a 72 Hours b 96 Hours c 
Temperature 

(ºC) pH 
Temperature 

(ºC) pH 
Temperature 

(ºC) pH 

Control 23.8 7.6 23.7 8.4 23.8 8.8 

2.5 23.7 7.6 24.1 8.7 23.2 8.8 

5.0 23.7 7.6 24.2 8.6 23.5 8.9 

10 23.9 7.6 24.0 8.6 23.7 8.9 

20 24.2 7.5 24.1 7.7 23.7 8.4 

40 24.1 7.4 23.8 7.4 23.7 7.8 

80 23.7 6.9 23.9 6.8 23.4 7.6 

a Measurements taken from parent solutions. 
b Measurements taken from replicate G test flasks. 
c Measurements taken from replicate A test flasks. 
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Figure 1. Growth Curves for Pseudokirchneriella subcapitata During a 96-Hour Exposure 
to Naphthenic Acids 
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Figure 2. Plot of Percent Inhibition of Pseudokirchneriella subcapitata Growth Rate as 
Compared to the Log Concentration after 96-Hour Exposure to Naphthenic Acids 
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Figure 3. Plot of Percent Inhibition of Pseudokirchneriella subcapitata Yield as Compared 
to the Log Concentration after 96-Hour Exposure to Naphthenic Acids 
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APPENDIX A – TEST SUBSTANCE PHYSICAL-CHEMICAL 
SPECIFICATIONS FROM SUPPLIER  
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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 

 
<0.0100 

Disulfoton 
 

<0.200 
 

<0.200-<1.0  Cobalt <0.0100 
 

<0.01004

EPN 
 

<0.200 
 

<0.2004  Copper <0.0100 
 

<0.0100 
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)  2 009  

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 Reagent Water. 
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APPENDIX C – PROTOCOL AND AMENDMENTS
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APPENDIX D – REPLICATE CELL DENSITIES 
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Table D-1. Daily Cell Densities of the Freshwater Green Alga, Pseudokirchneriella 
subcapitata, During a 96-Hour Exposure to Naphthenic Acids 

 
Nominal WAF 
Loading Rate 

(mg naphthenic 
acids/L) 

REP 

Cell Density (cells/mL x 104) 

24 Hours 48 Hours 72 Hours 96 Hours 

Control 

A 3.1 12 39 139 
B 3.3 13 38 138 
C 3.0 13 52 175 
D 3.2 14 55 157 
E 3.3 13 46 155 
F 3.6 14 53 162 

2.5 
A 3.2 13 45 139 
B 3.2 12 44 146 
C 3.6 12 51 155 

5.0 
A 2.7 12 40 141 
B 3.6 15 45 158 
C 3.6 12 50 153 

10 
A 3.9 12 41 165 
B 2.8 10 32 133 
C 2.7 13 47 150 

20 
A 2.9 6.4 32 125 
B 2.6 7.6 32 104 
C 3.1 8.4 27 94 

40 
A 1.7 3.3 7.7 20 
B 1.4 3.6 9.7 20 
C 1.6 3.3 8.8 25 

80 
A 1.1 1.6 1.0 1.0 
B 1.1 1.4 0.89 1.0 
C 1.3 1.3 1.2 1.6 
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APPENDIX E – REPLICATE GROWTH RATE FROM TIME ZERO 
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Table E-1. Replicate Growth Rates During a 96-Hour Exposure of Pseudokirchneriella 
subcapitata to Naphthenic Acids 

 
Nominal WAF 
Loading Rate 

(mg naphthenic 
acids/L) 

REP 

Growth Rate (cells/mL/hour) a 

0-24 Hours 0-48 Hours 0-72 Hours 0-96 Hours 

Control 

A 0.0471 0.0518 0.0509 0.0514 
B 0.0498 0.0534 0.0505 0.0513 
C 0.0458 0.0534 0.0549 0.0538 
D 0.0485 0.0550 0.0557 0.0527 
E 0.0497 0.0534 0.0532 0.0525 
F 0.0534 0.0550 0.0551 0.0530 

2.5 
A 0.0485 0.0534 0.0529 0.0514 
B 0.0485 0.0518 0.0526 0.0519 
C 0.0534 0.0518 0.0546 0.0525 

5.0 
A 0.0414 0.0518 0.0512 0.0516 
B 0.0534 0.0564 0.0529 0.0527 
C 0.0534 0.0518 0.0543 0.0524 

10 
A 0.0567 0.0518 0.0516 0.0532 
B 0.0429 0.0480 0.0481 0.0509 
C 0.0414 0.0534 0.0535 0.0522 

20 
A 0.0444 0.0387 0.0481 0.0503 
B 0.0398 0.0423 0.0481 0.0484 
C 0.0471 0.0443 0.0458 0.0473 

40 
A 0.0221 0.0249 0.0284 0.0312 
B 0.0140 0.0267 0.0316 0.0312 
C 0.0196 0.0249 0.0302 0.0335 

80 
A 0.00397 0.00979 0.00 0.00 
B 0.00397 0.00701 -0.00162 0.00 
C 0.0109 0.00547 0.00253 0.00490 

a Values rounded to three significant figures, when available. 
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APPENDIX F – SPECIFIC GROWTH RATES FOR CONTROLS AT ADJACENT TIME 
POINTS 
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Table F-1. Section-by-Section Specific Growth Rates for Controls During a 72-Hour 
Exposure of Pseudokirchneriella subcapitata to Naphthenic Acids 

 

 

REP 

Section-by-Section Specific Growth 
Rate (cells/mL/hour) a 

% Coefficient of 
Variance 

0-24 
Hours 

24-48 
Hours 

48-72 
Hours Replicate b Overall c 

Control 

A 0.0471 0.0564 0.0491 10 

10 

B 0.0497 0.0571 0.0447 12 
C 0.0458 0.0611 0.0578 15 
D 0.0485 0.0615 0.0570 12 
E 0.0497 0.0571 0.0527 7 
F 0.0534 0.0566 0.0555 3 

a  Values rounded to three significant figures.  The section-by-section specific growth rate in each treatment 
was calculated for each period, i.e., 0 to 24, 24 to 48, and 48 to 72 hours using the following equation: 

 

t  t
N   N  = μ

1n

1n

−
− lnln  

where: 
μ = average specific growth rate 
Nn = cell density at second time point 
N1 = cell density at time point immediately prior to second time point 
tn = second time point 
t1 = time point immediately prior to second time point 

 
b Replicate % Coefficient of Variance (CV) determined by the following equation: 
 

Standard Deviation of 0-24 hour, 24-48 hour, and 48-72 hour growth rates x 100 
Mean of 0-24 hour, 24-48 hour, and 48-72 hour growth rates 

 

c Overall % Coefficient of Variance was determined by the following equation: 
 

Rep A CV + Rep B CV + Rep C CV + Rep D CV + Rep E CV + Rep F CV 
Number of Replicates, i.e., 6 
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Table F-2. Section-by-Section Specific Growth Rates for Controls During a 96-Hour 
Exposure of Pseudokirchneriella subcapitata to Naphthenic Acids 

 

 

REP 

Section-by-Section Specific Growth Rate 
(cells/mL/hour) a 

% Coefficient of 
Variance 

0-24 
Hours 

24-48 
Hours 

48-72 
Hours 

72-96 
Hours Replicate b Overall c 

Control 

A 0.0471 0.0564 0.0491 0.0530 8 

10 

B 0.0497 0.0571 0.0447 0.0537 10 
C 0.0458 0.0611 0.0578 0.0506 13 
D 0.0485 0.0615 0.0570 0.0437 15 
E 0.0497 0.0571 0.0527 0.0506 6 
F 0.0534 0.0566 0.0555 0.0466 8 

a  Values rounded to three significant figures.  The section-by-section specific growth rate in each treatment 
was calculated for each period, i.e., 0 to 24, 24 to 48, 48 to 72, and 72 to 96  hours using the following 
equation: 

 

t  t
N   N  = μ

1n

1n

−
− lnln  

where: 
μ = average specific growth rate 
Nn = cell density at second time point 
N1 = cell density at time point immediately prior to second time point 
tn = second time point 
t1 = time point immediately prior to second time point 

 
b Replicate % Coefficient of Variance (CV) determined by the following equation: 
 

Standard Deviation of 0-24 hour, 24-48 hour, 48-72 hour, and 72-96 hour growth rates x 100 
Mean of 0-24 hour, 24-48 hour, 48-72 hour, and 72-96 hour growth rates 

 

c Overall % Coefficient of Variance was determined by the following equation: 
 

Rep A CV + Rep B CV + Rep C CV + Rep D CV + Rep E CV + Rep F CV 
Number of Replicates, i.e., 6 
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APPENDIX G – REPLICATE YIELD 
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Table G-1. Daily Yield Values of the Freshwater Green Alga, Pseudokirchneriella 
subcapitata, During a 96-Hour Exposure to Naphthenic Acids 

 
Nominal WAF 
Loading Rate 

(mg naphthenic 
acids/L) 

REP 

Yield (cells/mL × 104) 

24 Hours 48 Hours 72 Hours 96 Hours 

Control 

A 2.10 11.0 38.0 138 
B 2.30 12.0 37.0 137 
C 2.00 12.0 51.0 174 
D 2.20 13.0 54.0 156 
E 2.30 12.0 45.0 154 
F 2.60 13.0 52.0 161 

2.5 
A 2.20 12.0 44.0 138 
B 2.20 11.0 43.0 145 
C 2.60 11.0 50.0 154 

5.0 
A 1.70 11.0 39.0 140 
B 2.60 14.0 44.0 157 
C 2.60 11.0 49.0 152 

10 
A 2.90 11.0 40.0 164 
B 1.80 9.00 31.0 132 
C 1.70 12.0 46.0 149 

20 
A 1.90 5.40 31.0 124 
B 1.60 6.60 31.0 103 
C 2.10 7.40 26.0 93.0 

40 
A 0.700 2.30 6.70 19.0 
B 0.400 2.60 8.70 19.0 
C 0.600 2.30 7.80 24.0 

80 
A 0.100 0.600 0.000 0.000 
B 0.100 0.400 -0.110 0.000 
C 0.300 0.300 0.200 0.600 
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APPENDIX H – CHARACTERIZATION OF NAPHTHENIC ACIDS IN WAF 
SOLUTIONS BY GC/MS 
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1.0 Toxicity test with algae 
 
1.1  Samples and Methods 
 
In October 2009, two shipments of samples containing the dissolved aqueous fraction (WAFs) 
of naphthenic acids were received in the Department of Biological Sciences at the University of 
Alberta. The first shipment contained six samples of aged-blended freshwater from the Daphnia 
magna test. The second shipment contained seven samples of freshwater algal nutrient 
medium. These were from the Algae test. The concentrations of these were labeled as control 
(0 mg/L), 2.5, 5, 10, 20, 40, and 80 mg/L. In this report, these samples are referred to as “Algae 
waters”. 
 
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 
DCM. The combined DCM extracts were dried under nitrogen to remove the solvent. 
 
The residue was dissolved in 50 µL of DCM and the naphthenic acids were derivatized by 
adding 50 µL of Sigma MTBSTFA derivatizing agent (without 1% t-BDMCS) to each vial and 
heating at 60°C for 20 min. The derivatized samples were analyzed by GC-MS (Young et al. 
2008) and the total ion current mass spectra were collected. The data obtained were put into a 
Microsoft Excel spreadsheet (Holowenko et al. 2002) to prepare a table of the 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. The distributions of ions summarized in each table was used to 
prepare a three-dimensional plots of the ion abundances for each n and Z value. 
 
1.2  Results and Discussion  
 
The tables of relative abundances of each ion (expressed as percentages) in the seven 
extracted Algae water samples are shown in Tables 1.1 to 1.7. The values of the percentages 
reported in these tables were rounded to the nearest 0.1.  
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Table 1.1 

 
 
 

Algae water 0 mg/L

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

5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.6
6 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.3
7 1.0 1.3 0.0 0.0 0.0 0.0 0.0 2.3
8 0.1 0.5 0.0 0.0 0.0 0.0 0.0 0.6
9 0.1 0.5 0.0 0.0 0.0 0.0 0.0 0.7

10 0.2 0.7 0.0 0.0 0.0 0.0 0.0 1.0
11 0.3 0.5 0.1 0.0 0.0 0.0 0.0 0.9
12 3.8 0.5 2.2 0.1 0.0 0.0 0.0 6.6
13 0.7 0.6 0.5 0.0 0.0 0.0 0.0 1.8
14 4.2 0.7 4.6 0.2 0.1 0.0 0.0 9.8
15 1.7 0.1 0.0 0.0 0.0 0.0 0.0 1.9
16 32.1 0.9 0.1 0.0 0.0 0.0 0.0 33.2
17 3.5 0.2 0.0 0.0 0.0 0.0 0.0 3.8
18 22.8 7.9 1.6 0.0 0.0 0.3 0.2 32.8
19 0.7 0.0 0.0 0.0 0.0 0.1 1.5 2.4
20 0.2 0.0 0.0 0.0 0.0 0.2 0.2 0.7
21 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.4
22 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.4
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 72.7 14.8 9.2 0.4 0.1 0.9 2.0 100.0
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Table 1.2 

 
 
 

Algae water 2.5 mg/L

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

5 1.5 0.0 0.0 0.0 0.0 0.0 0.0 1.5
6 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.5
7 1.2 1.0 0.0 0.0 0.0 0.0 0.0 2.2
8 0.7 0.4 0.0 0.0 0.0 0.0 0.0 1.1
9 0.2 0.3 0.0 0.0 0.0 0.0 0.0 0.5

10 0.2 0.5 0.5 0.0 0.0 0.0 0.0 1.2
11 0.4 3.3 3.3 0.0 0.0 0.0 0.0 7.0
12 1.6 7.7 9.5 0.8 0.0 0.0 0.0 19.6
13 1.9 9.4 10.8 1.8 0.0 0.0 0.0 23.9
14 1.9 6.9 9.5 2.0 0.4 0.0 0.0 20.8
15 1.1 3.4 4.0 1.3 0.2 0.0 0.0 10.0
16 2.4 1.4 1.9 0.7 0.1 0.1 0.0 6.6
17 0.5 0.4 0.6 0.3 0.1 0.0 0.0 1.9
18 1.1 0.9 0.3 0.1 0.0 0.2 0.0 2.6
19 0.1 0.0 0.0 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 0.1 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 15.2 35.7 40.5 7.1 1.0 0.3 0.2 100.0
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Table 1.3 

 
 
 
 

Algae water 5 mg/L

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

5 1.4 0.0 0.0 0.0 0.0 0.0 0.0 1.4
6 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.3
7 1.2 0.9 0.0 0.0 0.0 0.0 0.0 2.1
8 0.6 0.3 0.0 0.0 0.0 0.0 0.0 1.0
9 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.3

10 0.1 0.3 0.3 0.0 0.0 0.0 0.0 0.6
11 0.3 2.4 2.7 0.0 0.0 0.0 0.0 5.4
12 1.5 7.1 8.4 0.7 0.0 0.0 0.0 17.6
13 1.9 9.6 11.1 1.7 0.0 0.0 0.0 24.4
14 2.3 7.3 8.8 2.0 0.4 0.0 0.0 20.7
15 1.1 3.7 4.3 1.3 0.2 0.0 0.0 10.7
16 4.5 1.6 1.9 0.7 0.1 0.0 0.0 8.8
17 0.3 0.4 0.6 0.2 0.0 0.0 0.0 1.6
18 2.6 1.6 0.3 0.1 0.0 0.0 0.0 4.7
19 0.1 0.0 0.0 0.0 0.0 0.0 0.2 0.3
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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 18.3 35.5 38.4 6.8 0.8 0.1 0.2 100.0
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Table 1.4 

 
 
 

Algae water 10 mg/L

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

5 3.5 0.0 0.0 0.0 0.0 0.0 0.0 3.5
6 1.4 0.0 0.0 0.0 0.0 0.0 0.0 1.4
7 3.2 2.5 0.0 0.0 0.0 0.0 0.0 5.7
8 2.1 1.1 0.0 0.0 0.0 0.0 0.0 3.2
9 0.1 1.3 0.0 0.0 0.0 0.0 0.0 1.4

10 0.1 0.2 0.2 0.0 0.0 0.0 0.0 0.5
11 0.2 1.9 2.2 0.0 0.0 0.0 0.0 4.4
12 1.6 6.2 7.6 0.6 0.0 0.0 0.0 16.1
13 1.8 8.9 10.5 1.7 0.0 0.0 0.0 22.9
14 2.3 6.8 8.5 1.9 0.4 0.0 0.0 20.0
15 0.9 3.3 4.1 1.3 0.2 0.0 0.0 9.8
16 3.3 1.2 1.7 0.6 0.1 0.0 0.0 6.9
17 0.1 0.2 0.5 0.2 0.0 0.0 0.0 1.0
18 1.8 0.6 0.1 0.1 0.0 0.0 0.0 2.8
19 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.2
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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 22.6 34.4 35.4 6.5 0.8 0.1 0.1 100.0
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Table 1.5 

 
 
 

Algae water 20 mg/L

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

5 1.5 0.0 0.0 0.0 0.0 0.0 0.0 1.5
6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4
7 1.1 1.0 0.0 0.0 0.0 0.0 0.0 2.1
8 0.8 0.5 0.0 0.0 0.0 0.0 0.0 1.3
9 0.2 0.5 0.0 0.0 0.0 0.0 0.0 0.7

10 0.3 1.5 1.0 0.0 0.0 0.0 0.0 2.8
11 0.8 5.7 4.8 0.0 0.0 0.0 0.0 11.2
12 1.9 9.4 10.2 0.9 0.0 0.0 0.0 22.4
13 2.1 9.4 10.9 1.8 0.0 0.0 0.0 24.2
14 1.9 6.1 7.3 1.8 0.4 0.0 0.0 17.5
15 0.9 2.8 3.4 1.2 0.2 0.0 0.0 8.5
16 1.7 1.0 1.5 0.6 0.1 0.0 0.0 5.0
17 0.2 0.3 0.4 0.2 0.1 0.0 0.0 1.2
18 0.7 0.2 0.1 0.1 0.0 0.0 0.0 1.1
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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 14.4 38.4 39.7 6.5 0.9 0.1 0.1 100.0
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Table 1.6 

 
 
 

Algae water 40 mg/L

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

5 1.5 0.0 0.0 0.0 0.0 0.0 0.0 1.5
6 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.5
7 1.1 0.9 0.0 0.0 0.0 0.0 0.0 2.1
8 0.7 0.5 0.0 0.0 0.0 0.0 0.0 1.3
9 0.3 0.5 0.0 0.0 0.0 0.0 0.0 0.8

10 0.4 1.9 1.3 0.0 0.0 0.0 0.0 3.5
11 1.0 7.1 5.9 0.0 0.0 0.0 0.0 14.1
12 2.1 11.3 11.7 1.0 0.0 0.0 0.0 26.1
13 1.9 9.6 11.2 1.8 0.0 0.0 0.0 24.5
14 1.4 4.8 6.2 1.6 0.5 0.0 0.0 14.4
15 0.5 1.7 2.3 0.9 0.3 0.0 0.0 5.8
16 1.4 0.6 0.9 0.4 0.1 0.1 0.0 3.5
17 0.1 0.2 0.3 0.1 0.1 0.0 0.0 0.8
18 0.6 0.2 0.1 0.0 0.0 0.0 0.0 1.1
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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 13.6 39.4 39.9 5.9 1.0 0.2 0.1 100.0
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Table 1.7 

 
 
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. The three-dimensional plot for the sample that 
contained 80 mg WAF/L Algae water is given in Figure 1.1 and the plot for the sample that 
contained 0 mg WAF/L (control Algae waters) is given in Figure 1.2.  
 
Using the statistical method of Clemente et al. (2003), the data from Figure 1.1 compared to 
data from the analyses of samples of neat naphthenic acids previously supplied by API. There 
were no statistical differences between the naphthenic acids in these two samples. 
 

Algae water 80 mg/L

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

5 1.4 0.0 0.0 0.0 0.0 0.0 0.0 1.4
6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.4
7 0.9 0.8 0.0 0.0 0.0 0.0 0.0 1.7
8 0.6 0.5 0.0 0.0 0.0 0.0 0.0 1.1
9 0.2 0.7 0.0 0.0 0.0 0.0 0.0 0.9

10 0.5 3.1 1.8 0.0 0.0 0.0 0.0 5.4
11 1.4 10.4 8.4 0.0 0.0 0.0 0.0 20.2
12 2.1 13.1 14.6 1.2 0.0 0.0 0.0 31.0
13 1.4 8.0 11.0 1.9 0.0 0.0 0.0 22.3
14 0.8 2.9 4.4 1.3 0.5 0.0 0.0 9.8
15 0.3 0.9 1.3 0.5 0.2 0.0 0.0 3.2
16 0.7 0.3 0.4 0.2 0.1 0.1 0.0 1.7
17 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.3
18 0.3 0.1 0.0 0.0 0.0 0.0 0.0 0.5
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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 11.0 40.7 42.1 5.2 0.8 0.1 0.0 100.0
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Figure. 1.1 . Three-dimensional plo t of naphthenic acids in the Algae  
water that contained 80 mg WAF/L. The sum of all bars equals 100%. 

 

Figure. 1.2 . Three-dimensional p lot of napht henic acids in the Alg ae 
water that contained 0 mg WAF/L (control). The sum of all bars equals  
100%.  
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The three-d imensional plot for th e sample th at containe d 0 mg W AF/L (contr ol) is given in 
Figure 1.2. This plot is very different from the plot of the naphthenic acids-containing sample  
(Figure 1.1). The most abundant ions in Figure 1.2 are those corresponding to n = 16, Z = 0 and 
n = 18, Z = 0. The mos t common f atty acids found in the phospholipid s and glycolipids in cell 
membranes are C-16 (palmitic) an d C-18 (stearic) acid s ( Stryer 1981 ). These fat ty 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 n aphthenic a cids had b een removed by biodegradation (Clemente et al. 2004 ; 
Biryukova e t al. 2007). In addition, these acids have also been found in river wat er samples  
(Fatoki and  Vernon 1989; Scott e t al. 2008).  Thus, the appearance and predo minance of 
palmitic and stearic acids in the 0 mg WAF/L (control) samples (Figure 1.2) is not unexpected 
 
The statistical method of Clemente et al. (2003), was also used to determine if there were any 
differences between the various samples of Algae water. This method allows two samples to be 
compared to one another. The 80 mg WAF/L samples were arbitrarily chosen for each set of 
comparisons. Thus, each Algae water sample was compared to the 80 mg WAF/L Algae water 
sample. The results of these comparisons are summarized in Table 1.8. 
 
 
 

Table 1.8. Statistical comparisons of distributions of naphthenic acids in various 
Algae waters to the distributions of  naphthenic acids in th e Algae wat er that  
contained 80 mg WAF/L. “S” indica tes a significant differe nce (P < 0. 05); “NS” 
indicates no significant difference (P > 0.05). 

Sample concentration 
(mg/L) 

Group 1 
(C5 to C13) 

Group 2 
(C14 to C21) 

Group 3 
(C22 to C33) 

0 S NS S 
2.5 NS  NS NS 
5 NS  S S 

10 NS  NS NS 
20 NS  NS NS 
40 NS  NS NS 

 
 
In this statistical method, the ion distributions from the GC-MS analysis are divided into three 
groups based on carbon numbers. These are: Group 1 (C5 to C13), Group 2 (C14 to C21), and 
Group 3 (C22 to C33), as shown in Table 1.8. 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-
test. For example, the comparisons in Table 1.8 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 80 mg WAF/L Algae water sample. 
 
Figures 1.1 and 1.2 show a noticeable difference between the distribution of ions in the 80 mg 
WAF/L Algae water sample and the 0 mg WAF/L Algae water sample. The statistical 
comparison of these two samples (Table 1.8) shows that the Group 1 naphthenic acids are 
statistically different and that the Group 3 naphthenic acids are statistically different. 
Surprisingly, no statistical difference was observed between the Group 2 naphthenic acids in the 
80 mg WAF/L and 0 mg WAF/L samples. This result is similar to the observation with the fish 
water and the Daphnia water.  
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Another statistical difference observed (Table 1.8) indicated that the Group 2 naphthenic acids 
in the 5 mg WAF/L Algae water was different from the Group 2 naphthenic acids in the 80 mg 
WAF/L Algae water (Table 1.8). The reason for this is unclear. However, when the ion 
distribution from the 5 mg WAF/L Algae water sample was compared to the ion distributions 
from the other concentrations of WAF in the Algae waters (i.e. 2.5, 10, 20, and 40 mg/L), no 
statistically significant differences were observed. 
 
The only other statistical difference shown in Tables 1.8 is Group 3 (C22 to C33) naphthenic acids 
of the 5 mg WAF/L Algae water sample. However, commercial naphthenic acids preparations 
typically lack Group 3 acids (Clemente et al. 2003). For example, only 0.002% of the ions 
detected in the 80 mg/L WAF/L Algae water sample extract fell into the Group 3 acids. In 
contrast, 0.000% of the ions detected in the 5 mg/L WAF/L Algae water sample 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. 
 
Using the same statistical test, the distributions of naphthenic acids in the 80 mg WAF/L 
Daphnia water (Figure 1.1) were compared to the naphthenic acids in the 80 mg WAF/L Algae 
water (Figure 1.1). There were no significant differences between the relative abundances of the 
acids in Groups 1 or 2 in these two samples. 
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