



















































































































































































































































































Table 5.6. Balance of oxidation reactants or products against mass loss of creosote compounds;
for period from 626 to 1357 days after source emplacement.

Oxidation Total estimated Associated change expected Observed loss of 6

reactant  change due to plume! in plume organics' plume organics'
or product (=) () (z)

0o, -477.7 1859 -
NO," -172.0 na* -
Mn** +16.4 1.9 -
Fe*" +34 .8 I.9 -
SO -516.5 133.8 -
CH, +72 11.3 -

Total 334.8 1220.6
' see text for derivation

: The expected change in plume organics associated with the change in NO;” was not
calculated because the latter was determined to be statistically insignificant.

Organic Metabolite Distributions

Metabolic oxidation of aromatic, heterocyclic and phenolic compounds is known to involve
breakdown of the parent compound through sequences of partially-oxidized intermediate products
(Grbic-Galic, 1989 and 1990a; Smith, 1990), sometimes called metabolites. A number of organic
metabolites have been detected in the current study plume and were discussed in Chapter 4. An
indication of their distribution, as total aromatic acids, is shown in Figure 5.4. The extent to
which the production of metabolites may affect electron acceptor utilization is difficult to quantify
because a wide variety of these products may be produced, depending on redox condition and
parent compound. In addition, little is known about their environmental persistence. However,
the effect of metabolite production on electron acceptor requirement can be demonstrated in a
qualitative sense by considering the transformation of naphthalene to salicylic acid, a pathway
discussed by Smith (1990). Both parent and intermediate were detected in the study plume,
although it is possible that the latter could also originate from other parent compounds. A
possible overall reaction to describe this pathway under aerobic conditions is:

CH; + 50, - 3CO, + 1H,0 + C,H,0, (5.9)
(naphthalenc) (salicvlic acid)

In this reaction, the stoichiometric ratio between O, and naphthalene is 1.24, as opposed to 3.24
in the reaction shown in Table 5.4, where naphthalene transformation proceeds to complete
mineralization. This illustrates two important points with regard to organic compound
biodegradation. First, the potential for parent compound transformation involving a given mass of
electron acceptor may be substantially underestimated if complete mineralization is assumed. This
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does not contradict the concept of redox zonation as outlined in the conceptual model. However,
it does imply that the redox zones of early electron acceptors (O, and NO,") may be larger than
expected: the electron acceptors may penetrate further into the plume than expected, before they
are depleted. Second, the production of persistent metabolites adds a degree of complication to
predicting and modelling plume configuration as a function of biodegradation and is generally not
accounted for in the conceptual model.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

In general, trends in compound flux from the source were qualitatively consistent with predictions
based on Raoult's law (Chapter 2). Selected organic compounds displayed an entire spectrum of
plume behaviour. Phenol was completely dissolved from the source relatively early in the study
and migrated downgradient as a discrete slug. Minimal detection of phenol in synoptic
monitoring at 627 days indicated that this compound was substantially transformed. The
m-xylene plume was observed to migrate to a maximum observed distance at 627 days and then
to recede back toward the source as the rate of flux into the plume decreased to below the rate of
plume transformation.

The phenanthrene plume was also observed to recede, although the flux of phenanthrene into the
plume continued to increase up to the last synoptic monitoring event. Advancement of the
carbazole plume was similar in that the rate of advancement had decreased, or possibly halted, in
the most recent snapshot. However, in the case of carbazole, mass flux from the source also
decreased, probably in response to source depletion with respect to this compound.

The plume of dibenzofuran remained relatively constant in extent during the last two years of
monitoring. A relatively constant rate of dibenzofuran dissolution from the source, and a
matching rate of plume transformation are considered the causes of this apparent steady state
behaviour. Two of the selected compounds, naphthalene and 1-methylnaphthalene, continued to
migrate outward despite apparent decreases in their respective input fluxes over time.

A mass balance exercise (Chapter 3) showed significant rates of plume transformation for all
seven compounds selected for detailed analysis in this study. The interaction of mass flux into the
plume and mass transformation within the plume caused a range of mass balance resuits,
depending on the comparative magnitudes of these processes. These two processes exerted
approximately equal influence on dibenzofuran, with the net effect that the dibenzofuran plume
remained approximately static with respect to mass and position, for the last two years of
monitoring. This is evidence that an organic plume can stabilize, even in the presence of an
ongoing source: the first conclusive field observation of this type, that the author is aware of.

Behaviour of the m-xylene plume was characterized by initial mass increase followed by a
decrease, as the rate of mass flux into the plume decreased to below the rate of plume
transformation. Carbazole mass balance results indicated similar behaviour aithough the process
of reversal occurred more slowly and was probably just beginning during the study period. Rates
of mass flux into the plume were in excess of transformation for naphthalene and
1-methylnaphthalene and, especially in the case of the former, significant additional plume
expansion was expected to occur before these two processes approach a balance.
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For phenol, the rate of mass flux initially far exceeded pilume transformation. The former was so
large that the source was rapidly depleted with respect to phenol and a discrete slug-like plume
was formed that was subjected to transformation as it migrated down gradient. Almost all of the
original phenol mass in the source was transformed after 439 days. Transformation was also
indicated for phenanthrene, although results were less conclusive. This compound is the most
hydrophobic of those reported on herein, and the results highlighted the difficulties in evaluating
natural attenuation of highly sorptive organic compounds.

In general, considerable attenuation of organic compound plumes was apparent, well in excess of
that which could be expected due to hydrodynamic processes. These results indicate that there is
high potential for natural attenuation to remediate plumes composed of these types of
compounds, depending on the acceptable distance of plume migration. The results also highlight
that attenuation rates are highly compound-specific.

Multiple lines of evidence were used to evaluate whether observed mass loss determined from the
mass balance was due to biodegradation (Chapter 4). A microcosm experiment showed that
indigenous aquifer microorganisms from within the creosote plume were capable of metabolizing
creosote compounds aerobically. Biodegradation was most rapid for naphthalene and carbazole
and nutrient addition accelerated the rate for all compounds. Accumulation of carbon dioxide in
the headspace of the active microcosms and low plate counts in the controls provided additional
evidence that observed compound loss was due to microbial metabolism.

Selected redox-sensitive parameters generally showed the types of changes that would be
expected in association with plume biodegradation. Dissolved oxygen and SO,* decreased in
groundwater within the plume while significant increases were noted for Fe**, Mn?*, and methane.
The behaviour of NO;” was inconclusive. Further evidence that the observed mass loss was
microbially-mediated was provided by accumulation of aromatic acids within the plume.

Biodegradation of plume compounds was also supported by PLFA data. Microbial biomass,
evaluated on the basis of PLFA concentration, was greater within the plume, presumably due to
plume-supported microbial growth. Furthermore, PLFA composition indicated that the rate of
microbial turnover was higher in the plume, aithough it may also show that the plume was
somewhat toxic to aquifer microorganisms.

Data from this study and a previous microbiological investigation at the site (Barbaro et al., 1994)
indicated that results from standard plate count analysis may be strongly influenced by vertical
dissolved oxygen trends, which were present in both contaminated and uncontaminated
groundwater. In this scenario, plate counts may be less useful than PLFA to evaluate biomass
changes in response to the introduction of organic contaminants.

Modelling dibenzofuran as a sorbing/non-decaying solute supported the suggestion that mass

transformation is a strong influence on behaviour of the study plume (Chapter 5). However,
modelling results indicated that the observed transformation of this compound was far in excess of
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what could be achieved by aerobic respiration proceeding to complete mineralization. Much of
this excess is attributable to utilization of alternate electron acceptors, consistent with the
conceptual model and supported by geochemical data. The bulk of the transformation was due to
utilization of O, and SO,* as electron acceptors. Nevertheless, the total change in electron
acceptors was still not large enough to account for the observed organics loss, if transformation
was assumed to proceed to complete mineralization.

Metabolite data provided qualitative evidence that a significant proportion of the organic
compound biodegradation did not proceed to complete mineralization (Chapter 5). This
conclusion highlights a complication in modelling biodegradation with a stoichiometric approach:
transformation of a given mass of organic may require an unexpectedly small quantity of mobile
electron acceptors (O,, NO;", SO,* and CO,) to mix with the plume, and may also account for
some of the discrepancy in the electron acceptor mass balance. The effect of this process was
large enough, in the study plume, to warrant incorporation of this process into the conceptual
model for natural attenuation.

The distribution of dissolved oxygen was generally consistent with the conceptual model for
natural zttenuation of aerobically biodegradable organic compounds in groundwater (Chapter 5).
However, the distribution of alternate electron acceptors within the plume core did not show a
strong trend, such as those delineated at other sites. The absence of discrete redox zones may be
attributable to fluctuations in groundwater flow direction which may cause instability between
zones. Another possible explanation is that rate of alternate electron acceptor utilization was not
sufficient to establish discrete redox zones.
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CHAPTER 7
RECOMMENDATIONS

Following are some general recommendations for additional research related to this work:

1.

The persistence of organic metabolites originating from several of the aromatic
compounds observed in this investigation should be evaluated under various redox
conditions. The purpose of this work would be to evaluate the importance of metabolites
generation on a mass balance of electron acceptors versus parent compound
disappearance. The study would be primarily based on laboratory experimentation and
could be accompanied by plume sampling. Results could have implications for plume
biodegradation and modelling.

Research should be conducted to develop field methods for determining in situ rates of
biodegradation at various discrete plume locations. This type of information may
contribute towards an improved understanding of the interaction between dynamic plume
processes and plume biodegradation. It may also contribute towards improved prediction
of natural attenuation and development of semi-passive methods for plume remediation.

Investigation of small-scale changes in microbial ecology in response to the introduction of
aerobically biodegradable organic compounds should be undertaken. The purpose of this
work would be to evaluate changes on microbial communities in response to new carbon
sources and redox conditions, and it would involve both laboratory and field components.

Detailed geochemical modelling of the data set used herein should be undertaken to
improve the understanding of electron acceptor utilization and distribution.
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APPENDIX 1
MULTI-LEVEL SAMPLER SPECIFICATIONS

Table A1.1 Specifation of multi-level samplers added to the monitoring network
through the current study.

Sampler x y Depth of first No. of Vertical
coord. coord.  sampling level levels spacing (m)
(m below grd)

6-N5 8.00 -7.50 2.00 14 02
6-NS§ 8.00 -6.00 2.00 14 0.2
9B-N4 16.75 -7.00 1.80 14 02
9B-N3 16.75 -5.00 1.80 14 0.2
13-N4 2250 -10.50 1.80 14 02
13-N3 22.50 -7.50 1.80 14 0.2
17-N3 29.00 -10.50 1.80 14 02
17-N2 29.00 -7.50 1.80 14 0.2
21-N3 37.00 -10.00 1.80 14 0.2
21-N2 37.00 -6.00 1.80 14 0.2
26-N2 47.00 -9.00 1.80 14 0.2
26-N1 47.00 -5.00 1.80 14 0.2

Note 1: x-y convention is reverse of Hubbard et al. (1994)
Note 2: Hubbard (pers. comm.) stated that the depths of the shallow sampling levels
are incorrectly shown in Hubbard et al. (1994) and should be 2_8m rather than 1.8m

for the following samplers:
*24-4

*25-1,2,3,4,5
*26-0,1,2,3,4,5
*27-1,2,3,4,5
*28-1,2,3,4,5
*29-1,4,5
*30-1,2,3,4,5
*31-1,2,3,4,5
*32-1,2,3,4,5
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APPENDIX 2
SYNOPTIC SAMPLING DATA

Data on dissolved creosote concentrations from the six synoptic sampling events are provided on
the computer diskette in the envelope attached to versions of this thesis on file at the University of
Waterloo. Data are in field-formatted ASCII and reside in six files (filename.txt), named for the
time (days) of each sampling event (55, 278, 439, 626, 1008, 1357). Data for the first two events
were originally reported in Malcolmson (1992) and Nielsen and Hansen (1992), respectively.

A field protocol for the last event (1357 days) is attached.
Data from source cores (sand) collected in conjunction with the 626 day synoptic sampling event

are provided in Table 1. Data for cores collected at 55 and 278 days were provided by
Malcolmson (1992) and Nielsen and Hansen (1992), respectively.
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FATE AND TRANSPORT OF CREOSOTE IN GROUNDWATER
PhD Research Project - Mark King

Collaction of Sampies for Day 1357 Snapshot
Wiritten: May 1985

General

A set of groundwater sampies will be collected from approximately every second row of bundie piezometers
atthe emplaced creosote site. A list of piezometers to be sampled is attached as Table 1. A sampie will be
collected from all levels (typically 14) of each piezometer in the list. The collection period is expected to last
five days. The emplaced source (ie., soil with sorbed and residual creosote) will not be cored in conjunction
with this snapshot.

Sampling Methods

Sampies will be collected with the manifold sampling system that has been deveioped in past studies done at
this site. At least 50 mL will be purged from each sampling tube prior to sample collection. Sampies will be
collected in 18 mL glass botties which will be sealed with crimp-top lids immediately after sampling. Samples
will be stored in refrigerated containers and kept inverted until analyzed.

The field team will consist of three to four people working with two sampiing manifolds. Two people will work
with the sampling manifoids and the remaining person will prepare bundle piezometers and sampie bottles in
advance of the samplers. The latter will do the following:

determine which tube represents which level at each location
repiace missing level tags

replace the tubing back in the casing after the samples are collected
re-mark well casings

tape and label sampie bottles

miscellaneous running around.

The following QA/QC procedures will be used for the crecsote sampiling:

A) Field blanks - approximately 10 of these will be collectsd throughout the creosote sampiling period.
Sampies will be taken with the manifold sampling system using a procedure identical to that used for
piezometer sampiing, ie., S0 mi purge, etc.. They will be drawn from a bottle of deionized water that
will be present throughout the sampling period. These sampies will not be identified to the analytical

laboratory.

B) Travel blanks - will be colieclad every ime a field blank is collected. They will be poured directly from
the deionized water bottie, ie., without using the sampling manifoid. These sampies will also not be
identified to the anaiytical laboratory.

C) Field duplicates - approximately 10 of these will be coliected over the sampling period.

D) “Hoiding Time" samples - the purpose of these is to evaluate the effect of excessive hoiding times on
sample integrity. To compose them, a 1-L sampie will be collected from near the source (NS-) at 3-
00-7, and further from the source (FS-) at 11-0-8. Each 1-L sample will be spportioned to 48 18 mL
sample botties in the field labelled NS-1 through 8 and FS-t through 8 (in triplicate). Samples 1
through 4 (total of 24 samples including triplicates and both NS- and FS-) will be extracted, in
sequence, approximately every fourth day over the entire extraction period. They will all be analyzed
on the same day, as early as possible in the analytical period. A record of the date of extraction and
analysis will be kept. Samples S through 8 (NS- and FS-) will all be extracted at the same time, as
98
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early as possible in the extraction period (probably May 16). They will be stored with the normal
snapshot extracts and will be analyzed in sequence, every third week over the entire analysis period,
with a record kept of the date of analysis.

E) Method bianks - will be composed during laboratory analysis. They will be drawn from the deionized
water used to rinse the glass syringe between subsampling of the samples. One method biank will be
composed for each bundie piezometer (generally one every fourteen samples), as per the standard
analytical protocol developed for creosote analysis

F) Spiked standards - aiso as per the standard protocol, spiked standards will be composed during

analysis and will be identical to method blanks except that @ measured amount of chemical standards
will be added to each sample. One spike will be composed for each bundle piezometer.

Some Problems to Avoid

Experience in previous snapshots indicates that there is great potential for errors during collection of such a
large number of samples. Some pitfalis to be aware of:

* improperly placed septa (silicon side towards the water) will result in erroneously low analytical data.
Punishment for commilting an error of this type will be swift and cruel.

® Labels may be missing on some of the bundie piezometers tubes. If there is doubt with regard to
assignment of levels to tubing, it should be noted on the monitoring sheet.

* Lab and field QA/QC samples are extremely important and should be composed according to the
frequency stated earlier.

Schedule

The following schedule is projected for fieid and laboratory work associated with the snapshot sampling
program:

- Colilection May 15 - May 19 John, Jim, Mark, Kim on first day
- Extraction May 16 - May 30 Kim, Katherine, Michelle, Steve
- Analysis May 31 - Sept 1 Kim

Some final notes re the week in the field:

work will proceed rain or shine, 30 bring some rain gear and warm clothes
initial accommodation will be at one of the luxurious, three star motels located on the famous
of the Stars” in beauliful downtown Angus. Later in the week we may move to the Waterioo
trailer park at Borden if the opportunity arises, so bring a sleeping bag
® you will be reimbursed for your food expenses, so bring some cash
® complimentary bug spray and sun-block will be provided
. we will travel to the site together early Monday moming in an Earth Sci. vehicle



List of Materials

- 18 ml hypovials (as many as available up to 2000)
- teflon septa (2000)

- metal caps (2000)

- sample tape (15 rolls)

- sample pens (3)

- latex gloves (one box large, one box medium)
- waste botties (total capacity of 200 (itres)

- organic free water for bianks (10 litres)

- magic marker (for marking casing)

- masking tape

- sandwich bags (for samples, 200)

- 1-L brown amber sample botties (6)

List of Equipment

- sampling manifolds (2)

- battery (2, including Kim's)

- ice packs (as many as possible)

- coolers (7)

- crimper (a good one!)

- peristaltic pumps (Kims + one DC, one AC)

- well stocked tool kit

- 200 foot extension cord

- suction head (for taking singte samples from stainiess bundies)
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Table 1. Analytical results for creosote source core samples collected in May, 1993; the source was cored at six locations
(three in each of the two source lobes); samples with relatively low concentrations have probably been obtained from just
outside the source (above, below or to the side); concentrations are in mg/kg dry weight,

cofe no,; 1 1 | 1 l 2 2 2 2 2 3 3 k| 3 3
depth (m below grade) | 210.22 § 230.42 | 256.85 ] 308.90 | 334.93 231.14 } 205.74 § 257.37 | 280.38 | 331.8) § 226.09 | 201.6] | 256.24 | 297.18 | 338.12
'_Il_l_-_i_t_\ll 0.0 80.5 76.3 §3.7 6.9 0.0 00f 1978 0.0 00 0.0 0.0 0.0 0.0 0.0
m 0.0 0.0 0.0 0,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
jo-cres 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0] 0.0 0.0} 0.0 0.0 0.0
ptm 0.0 0.0 0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0} 0.0 0.0 0.0
26 0.0 2.4 0.5 0.0 0.0 0.0 0.0 217 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24428 0.0 0.0 0.0 0.0 0.0 0.0 0:0 0.0 0.0 0.01 0.0 0.01 0.0 0.0 0.0
12,3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
;_.}._S 0.0 0.0 00 090 090 00 0.0 00 0.0 00 0.0 0.0 00 0.0 0.0
naph 0.0] 1008.0] 634.3] 5406} 1510 46.3 0.0} 12260 80.8 22 0.0 0.0 0.0 0.0 0.0
ind+2.mn 00] 60511 4034 4|40g 22431 3120 0B8] 8006} 1429 44.6 0.0 0.0 0.0 00 0.0
1-m.n 0.0] 231.5] 1548] 169.7 8661 114.7 0.5 307.1 49.1 13.5 0.0 0.0 0.0 0.0 0.0
biph 00] 2445] 17791 1965] 819] 1101 00} 3458] 696 15 0.0 0.0 0.0 2.0 0.0
acen-y 00 429 27.1 300 158] 226 00] 621 12.7 7.1 0.0 0.0 0.0 0.0 0.0
secn 1.1] 5380] 3348] 3046 364.71 355835 33| 64201 33251 1707 0.0 0.01 0.0 0.0 0.0
dib 08] 5820] 13710) 3869 210.2] 3399 42_!_ 78991 209.9] 137.1 0.0 0.0} 0.0 0.0 0.0
fluor 091 7548] 50041 $37.51 27831 4727 361 106621 320.2] 2548 0.0 0,01 00 0.0 1.2
phen 3.2] 1732.7] 115).5) 12381 643.2) 11004 8.6] 2516.31 754.3] 6505 1.0 0.0 0.0 0.0 3.7
anth ool 15te] 875 toos] sti] 833 ool i1r06f 598 49s{ oof ool oo oof 07
’_g{b 0.0 6161 1131 123.4 47.5 75.0 00§ 170.7 49.1 30.2 0.0 0.0 0.0 0.0 0.0
fluors 20] 887 s228] 5590] 3039] so03o| 38| 11946] 3433 3429 13| oof oo 13 45
| pyrene 1.6 670.1] 4428] 476.9] 243.9] 4263 3.0] 10136] 27441 278.1 1.5 0.0 1.1 1.5 319
B-anth 00] 1855] 1188] 1251 7037 1150 0.6] 2704 78.1 84.4 0.0 0.0 0.0 0.5 1,0
chrys 00| 1706] 1143] 1224] 656] tii6] 00| 2446] 774] 716] 00] 00f 00| 00| 12
B-fluora 00] 1314 87.1 87.6 54.0 83.4 00] 195.1 58.6 68.5 0.0 0.0 0.0 0.0 0.0
| B-pyr 0.0 65.2 44.1] 427 25.7 423 0.0 97.6 28.11 342 0.0 00 0.0 0.0 0.0
ind+dib 00] 282] 185] 166] 100 181] oo| 41| 128] 128 00| o0 00 ool 00
benzo 0.0 123 8.6 8.1 5.1 88 0.0 18.6 6.7 6.8 0.0 0.0} 0.0 0.0 0.0




Table 1. (continued)

6 6 6 6 6
211.76 | 256.20 | 289.56 | 289.56 | 322.92
} . . 00| 708] 347 359l 22
X ! X 00] oo o0o] o0f 00
00| o0] o.ol o,ol 00] oo] ool o0
00] ool oof ool oof oof oo o0
21] ; ) oo] 3s] 21] 20] 1.1
0.0 X X 00] ool oo ool o0
0.0 0 ! 00] oo oo o0 00
00] ool ool o0] o00] o00] o00] 00
_787.4] 12028] 9030l oo[ 13s4.7] sio.[ 7523 8337
4323] 6288] Si8 00] 71271 4330] 3983] 435.2)
1659] 240.8] 1985] 10] 273.1] 166.2] 153.0] 167.0
197.2] 281.5] 2289] ool 32251 1940] i8ti] 1955
8] 316] 420] 3431 00] 490} 287] 279] 294
91 3320] $394] 4024] sS4l 62071 327.0] 298.1] 6586
7] 3s0.2] $37.7] 418, 28] 6823 amal 3479] 3730
4] S31.5] 92| 6422 44] 8N 32| ames] 5313
1216.7] 1789.8] 1471.0] 10.0] 2014.2] 1223.1] 1112.0] 12182
960 te03] 1313 10l 1s07] 1094] 97| 97
12891 2357] 1488] oof 2295] 1286] 1188 136.2]
556.2] 8120 3] 44| 9204] 356.4] 3505.6] 346.8
4700] 689.6] $85.1 36] 7819 4ne| 431.7] 4674
243 1.4] 1473] 07 m.ol 128.7] 118.3] 1247
2001 17551 1433] oo] 1987l 1222] tid4] 120
J1 13511 1016 o.ol 4617 932] 8lo 879
401 6836] 4738] 00] 77 470] 410] 427
178] 270 2021 oo] 2.1] 200[ 151] 182
83] 122] 921 ool 137 94 26| 85




APPENDIX 3
TIME SERIES SAMPLING DATA

Times series data on dissolved creosote concentrations are provided on the computer diskette in
the envelope attached to versions of this thesis on file at the University of Waterloo. Data are in
field-formatted ASCII in the file “timeser.txt”. Time series data for the period up to 347 days
after source emplacement were originally reported by Nielsen and Hansen (1992).



APPENDIX 4
Creosote Analytical Protocol: Original Method and Modifications

by
Kim Hamilton and Mark King

1.0 INTRODUCTION

An analytical protocol has been developed for the quantification of selected-creosote compounds
in water, sand and pure creosote. The method was developed during the spring and summer of
1991 and was first used for analysis of actual samples in the summer of 1991. Since it was
developed the method has undergone several modifications to improve accuracy and sensitivity.
All samples quantified for creosote compounds before spring 1993 were analyzed according to the
original protocol while more recent analysis has been performed according to the modified
methodology. In the following, both methods are described in detail. Differences between the two
methods are indicated in the section describing the modifications.

2.0 ORIGINAL METHOD
Overview

This method was developed to analyze for the following creosote components: m-xylene, phenol,
p-cresol, 2,6-dimethyl phenol, naphthalene, anthracene, phenanthrene, dibenzofuran, carbazole,
pyrene, indole, 2-methyl naphthalene and 1-methyl naphthalene; however, it may be validated for
other compounds as required.

Chemicals and Solvents

M-xylene, 99% purity, BDH

Phenol, 98+% purity, Aldrich

P-cresol, 99% purity, Sigma
2,6-dimethyl phenol, 99% purity, Sigma
Naphthalene, 99+% purity, Sigma
Phenanthrene, 88+% purity, Sigma
Anthracene, 99+% purity, Sigma
Dibenzofuran, 98+% purity, Aldrich
Carbazole, 95% purity, Sigma

Pyrene, 98+% purity, Aldrich

indole, 99+% purity, Aldrich
2-methyinaphthaiene, 98% purity, Aldrich
1-methyinaphthaiene, 88% purity, Aldrich
Dichloromethane

Methanol

Sodium Chioride

Hydrochloric Acid
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Preparation of Stock Standards

Two stocks are composed because it has been reported that some phenolic compounds degrade
over time in the presence of some of the more hydrophobic compounds.

Stock A: m-xylene Stock B: dibenzofuran
phenol carbazole
p-cresol pyrene
2,6-dimethyl phenol indole
naphthalene 2-methyinaphthalene
phenanthrene 1-methyinaphthalene
anthracene ,

To make the stocks, accurately weigh out approximately 80mg of each compound (80-90 ul of the
liquids) into a 100 mi volumetric flask. Add 80 mi MeCl2, sonicate to dissolve all compounds. Make
to the mark with MeCI2. This gives a stock of about 800 mg/l of each compound. Store lightly
sealed in the freezer in a brown bottle. Because p-cresol is a semi-liquid, it is easier to weigh it
directly into the volumetric flask instead of using a weighing vessel. M-xylene and 1-
methyinaphthalene are both liquids. 2-methyinaphthalene is a moist solid and may be weighed on
a paper or directly into the volumetric flask.

Preparation of Calibration Standards

Dilute 1ml of the above stock soiutions into 100mi MeCi2, shake well. Store standards in the freezer
in a brown bottle until ready to use. Transfer approximately 1ml to an autosampier vial when
needed. The concentrations of these standards will be 100th that of the stock solutions (8mg/l).

Preparation of Spikes

Spikes are prepared to check the efficiency of compound extraction from water. Prepare a second
set of stock standards of 40mg of each compound into 100ml MeOH. For 45ml samples add 45mi
organic free water, 1ml 1N HCl and 9g NaCl to a 60ml crimp top vial, crimp and shake. Spike in 60ul
of each of the above stock solutions. For 13mi samples, add 13ml organic free water, 0.5ml 1N HCI
and 3g NaCl to a 20ml crimp top vial, crimp and shake. Spike in 20ul of each of the above stock
solutions. Follow the extraction procedure for the appropriate sample size. Spikes are prepared at
the same time as samples.

Preparation of Blanks
The purpose of blanks is to check the solvent, NaCl and HCI for contamination. They are prepared

in an identical manner to the spikes except that the standard compounds are not added fo the
solvent.
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Preparation of 800 Standard

The 800 sample is run to help identify compounds that do not have standards and for monitoring
long term performance of the Gas Chromatograph (GC). It is so named because it is composed
using creosote that was collected at the Borden field site at 8 AM on the moming that the creosote
source was installed. Make a 100ul creosote / 100m! MeCI2 dilution. Store in the freezer in a brown
bottle until needed. Transfer approximately 1ml into an autosampler vial for analysis.

Preparation of Groundwater Samples

Typical sample sizes and associated quantities of amendments and solvents used in sample
preparation are provided in Table 1. Depending on the size of the sample, use a syringe to transfer
either 13, 45 or 100ml of sample to a clean, crimp top vial of appropriate size. Add NaCl and 1N
HCI, crimp, shake by hand to dissolve salt. Add MeCl, with syringe through the septa, shake 20 min
at 350-400rpm. Remove approximately 1mi of MeCl, by inverting the vial and inserting a syringe,

transfer to an autosmapler vial.

Table 1.

Sampile Size

vol 1N HCI

Quantities of amendments and solvent used for water sample extraction

13mi

0.3mi

1.0ml

45mi

1.0 mil

3.0ml

100mi

Sample Sequence

A sampie run starts with analysis of:

Then, after every 10 sampies, run a spike, Standard A, Standard B and an 800 sample.

Omi

a blank

Standard A
Standard B
800 sample
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Gas Chromatograph Information

Helium carrier 30cm/sec

Helium makeup gas 24ml/min

Hydrogen 30ml/min

Air 300ml/min

Injector temperature: 275 degrees C

FID temperature: 325 degrees C )

Oven: 40 degrees C for 0.5 min, 15 degrees C to 300 degrees C, hold 2 min
Separation time: 19.33

Injection size: 2ul

Attenuation: 22

Quantification

A response factor (Rf) is obtained for each of the standard compounds by injecting 2ul of the
calibration standard and the following equation: -

Rf(mg/Varea) = standard concentration (mg/l)
peak area

The concentration of analyte in water (C,.) is caiculated using the peak area, Rf and the fraction of
compound recovered (R) through analysis of the spike. Also, the result incorporates the sample
volume (SV) and the volume of MeCl, injected into the sample:

Cu(mgh) = a *Rf
(SV(mi)/MeCi2(mi)) * R

Concentration data for spikes are examined for the degree of compound recovery. [f recovery is
between 80% - 120%, as it typically is for most compounds, a recovery correction factor is not
applied to the data. However, in the case of phenol recovery is typically around 50%. An R of 0.5
is therefore used for phenol to correct for the poor recovery.

Method Detection Limits
These are summarized in Table 2.
Additional Information

Peaks were identified for some additional compounds including: acenaphthene, fluorene, methyl
phenanthrene, fluoranthene, naphthacene and chrysene. However, a source of standards for these
compounds was not found during development of the original protocol. Instead, concentrations
were estimated using the average of the response factors for phenanthrene and anthracene.
Similarly, the average of the response factors for indole, 2-methyl naphthalene and 1-methyl
naphthalene was used as an approximation of the response factor for biphenyl and for subsequent
quantification.
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Analysis of Pure Creosote Samples

To analyze pure creosote: dissolve a 10 ul subsample in 10 mi dichloromethane. After agitation,
transfer 1 ml of the solution {o a 2 mi glass hypovial for injection into the GC. Concentrations in pure
creosote (C_,,) are quantified using the following:

Ceeo(Ug/mi) = peak area * Rf(mg/Varea) * (MeCl2(ul)/creo(ut))

Analysis of Sand (Source) Samples

The mass of sand that has been sampied and extracted has varied between sample sets. However,
the basic analytical procedure is the same. A measured mass of creosote/water wet sand is
sampled directly into a glass hypovial (capacity varied between sample sets). The sample is rinsed
in the original sample bottle at least three times with dichloromethane. All dichloromethane is
collected and evaporated to iess than 3ml. The solvent volume is measured and 2mil is placed in
an autosampler vial for GC injection.

In order to express compound concentrations on a dry sand weight basis, the sand sample is
weighed before solvent extraction and then weighed again after extraction to determine the fraction
of the bulk soil mass due to moisture and creosote. Concentrations in sand (C,,,) are caiculated
using the concentrated solvent volume (CSV) and the dry sample weight (DSW) by the following:

Ceana(Mg/kg) = peak area * Rf area) * CSV,
DSW(kg)

3.0 METHOD MODIFICATIONS

Overview

The method has been modified to increase analytical capabilities and to improve performance.
Modifications are summarized as follows:

1) Instead of making the stock solutions by adding pure foom compounds to solvent,
ampules of pre-measured compounds in solvent are now used for certain
compounds. A pre-mix of 16 PAHS is used as well as pre-mixes of m-xylene,
dibenzofuran and 2-methyinaphthalene.

2) Due to the pre-mixes mentioned in 1), direct analysis for several PAHS has been
added to the protocol, including: acenaphthene, fluorene, fluoranthene, chrysene,
acenaphthyiene, benzo(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, indeno(1,2,3-c.d)pyrene and dibenzo(a,h)pyrelene. The first four of
these were analyzed through the original protocol but quantification was indirect
since it made use of response factors estimated from other compounds.

3) Direct analysis for biphenyl was added. Previously, biphenyl concentrations were
estimated using response factors for other compounds.
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4) Capability was also added for analysis of 2 cresols (o-cresol and m-cresol) and four
dimethyiphenols (2,4 dmp, 2,6 dmp, 2,3 dmp and 3,5 dmp. Standards for these are
composed using pure compounds and not pre-mixed ampules.

S) It was recognized that several compounds elute together and are therefore
indistinguishable from each other by this protocol. Included in this group are the
following pairs: p + m cresol, 2,4 + 2,5 dmp, indole + 2-methyinaphthalene,
benzo(b)filuoranthene <+ benzo(k)fluoranthene, indeno(1,2,3-c.d)pyrene +
dibenzo(a,h)anthracene. Combined concentrations are determined for these pairs.

6) Calibration standards are now injected into water (organic free) and extracted back
out instead of direct analysis in solvent. The new procedure is more representative
of the way that actual samples are extracted and therefore diminishes concems
regarding compound recovery.

7) As a result of 6), it is no longer necessary to correct phenol concentrations for
recovery.

6) An intermal standard (2-fluorobiphenyl) was incorporated to account for possible
inaccuracies in sample and/or solvent measurement.

Resuits evaluating analytical bias versus sample concentration are shown in Table 3. As discussed
above, analysis of several parameters was subject to certain limitations, including: a) use of
estimated response factors b) co-elution with other compounds and ¢) exclusion from the original
protocol. Subsequent interpretation was primarily focussed on compounds that were not subject to
these limitations, as summarized in Table 4.

Preparation of Stock Standards

Stock A:
- phenol
- all cresols (3)

- all dimethyiphenols (5)

Weigh to five decimal places Smg of each compound (10ul of the liquids) and place in a 50ml
volumetric flask. Add 20ml MeOH, sonicate to dissoive all the compounds. Make to the mark with
MeOH. This gives a stock of about 100ug/mi of each compound. Store tightly sealed in the freezer
in a brown bottle.

Stock B:

2 ampules 16-PAH mix #US-106, Ultra Scientific (2000ug/mi)

4 ampules m-xylene mix, NS!I Environmental (1000ug/ml)

1 ampule dibenzofuran mix, NSI Environmental (5000ug/mi)

4 ampules 2-methyinaphthalene mix, NS| Environmental(1000ug/ml)
biphenyl

1-methyinaphthalene

carbazole

indole

Combine in a 50m! volumetric flask the above mixX's (rinse ampules with MeOH, add rinses) and 4mg
(weighed to five decimal places) of each of the individual compounds (4). Add 35miI MeOH and
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sonicate to dissolve all compounds, make to volume with MeOH. This gives a stock of
approximately 80ug/ml. This solution is then divided into 50-1mi amber ampules, sealed, and stored
in the freezer.

Preparation of Calibration Standards

100ul of each of the above stock solutions are spiked in water and extracted as a sample. Check
standards are prepared at 1/10th the concentration.

in contrast to the original method, spikes are not required since the calibration standards are
composed in water.

Preparation of Blanks

A solvent blank is composed by adding MeCl, to an autosampler vial and is intended to verify the
integrity of the soivent. A method blank is a sample composed of organic free water only. it is
extracted in a manner identical to a regular sample and is intended as a check for accidental
laboratory contamination.

Preparation of 800 Standard

Procedure is identical to the original protocol.

Preparation of Groundwater Samples

To the appropriate size of clean, dry crimp top vials add the listed amounts of NaCl and 1N HCI from
Table 1. Transfer the sampie using a 30ml glass syringe from its original vial to the vial with the sait
and acid, crimp, shake by hand to dissolve the sait. Add the appropriate amount of MeCl,
(containing 10ppm of the intemal standard 2-fluorobiphenyl), shake 15 min at 350-400rpm. Remove
about 1ml of dichloromethane by inverting the vial and withdrawing the soivent into a syringe.
Transfer the solvent to an autosampier vial and analyze. The intemnal standard is used to account
for any sample volume or injection volume changes that may occur.

Sampie Sequence

A sample run starts with: solvent blank
method blank
standard
check standard
800 sampie

After every 10th sample: standard
check standard

After every 20th sample: blank
800 standard
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Gas Chromatograph information

Identical to the original protocol with one exception:
Injection size: 3ul (previously 2ul)

Quantification

All standards and samples are normalized to the area of one standard (usually the first one run for
a batch of samples) using the areas obtained from the internal standards (IS) and the following
equation:

corrected peak area = area * |
IS area from sample

The response factors (Rf) for each analyte are calculated using the following equation:

Rf = standard concentration
peak area

For each analyte, the concentration of analyte in water C, is calculated using:
C,, = corrected peak area *Rf

Method Detection Limits

These are shown in Table 2.

Analysis of Pure Creosote Samples

Identical to original protocol

Analysis of Sand (Source) Samples

Identical to original protocol

111



Table 2. Method Detection Limits for Creosote Compounds in Water
(all concentrations are ug/l)

Original Method Modified Method
Compound N MDL | LOQ | N MDL | LOQ
m-xylene 9 1 7 10 1 3
phenol 9 37 37 9 34 65
o-cresol - - - 10 3 60
p-cresol 9 9 12 - - -
p+m-cresol - - - 10 3 28
2.6-dimethyiphenol 9 4 8 10 3 27
2,4+2 5-dimethyiphenol - - - 9 7 59
|2,3-dimethyiphenol - - - 10 2 15
3,5-dimethyiphenol - - - 10 1 39
naphthalene 9 1 4 10 1 4
indole 8 7 12 - - -
2-methyinaphthalene 9 1 3 - - -
indoie+2-methyinaph. - -~ - 10 1 5
1-m.naphthalene 9 1 4 10 1 3
biphenyl - - - 10 2 3
acenaphthylene - - - 10 2 4
acenaphthene - - - 10 2 3
dibenzofuran 9 1 6 10 2 3
fluorene - - - 10 7 7
methyiphenanthrene - - - - - -
phenanthrene 9 7 12 10 1 4
anthracene 9 1 6 10 1 4
carbazole 9 1 7 10 3 9
fluoranthene - - - 10 1 4
pyrene 9 9 9 10 2 2
naphthacene - - - - - -
benzo(a)anthracene - - - 10 6 8
chrysene - - - 10 1 8
benzo(b+k)fluoranthene - - - 9 11 14
benzo(a)pyrene - - - 10 17 17
indeno(1,2,3-c,d)pyrene - - - - - >16
+ dibenzo(a,h)anthracene

benzo(g h.ijperylene I A N S T
Comments:

1. N - number of replicates used in analysis
2. MDL - Method Detection Limit; calculated based on standard

deviation

3. LOQ - Limit of Quantification, smallest quantity that can be

reliably determined

4. All concentrations have been rounded to the nearest ug/
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Table 3. Evaluation of analytical bias on the basis of spiked concentration versus
percent error; spiked concentrations are averages of triplicate results.

mg/L %error| mg/lL %error| mg/L % error| mg/l. % error
m-xylene 0923 -028] 0231 -3.54| 0.115 -3.09] 0058 -1.53
phenol 1636 -5.00| 0409 -870f 0204  3.73| 0.102 -3.20
2,6-dmp 1.209 3.32] 0302 -0.75| 0151 -1.32| 0.076 0.96
naphthalene 0.819 0.31| 0205 432{ 0102 -3.79] 0051 -3.02
1-m.naph 0890 420 0222 -1.93| 0.111 429| 0.056 3.76
dibenzofuran 0.979 144 0245 220] 0.122 1.17} 0061 -3.42
phenanthrene 0.819 0.11| 0205 -242| 0102 -4.18] 0.051 442
anthracene 0819 -1.07| 0.205 1.19] 0.102 2.36| 0.051 3.33
carbazole 1.808 3.63] 0.452 3.41| 0.226 402| 0.113 476
pyrene 0.819 236] 0205 424| 0.102 467| 0.051 4.14
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Table 4. Evaluation of data record for analytical parameters

Compound

Estimated
response
factors
used for
early data

Compounds
that
co-elute

Not
analyzed
in
original

ocol

Recommended
for focus
of interp'n
and
discussion

m-xylene

X

phenol

X

o-cresol

p-cresol

p+m-cresol

xix

2.6-dimethylphenol

2,4+2 5-dimethyiphenol

2.3-dimethyiphenol

XIXIXL 1) X

3.5-dimethyiphenol

naphthalene

indole

2-methyinaphthalene

XX

indole+2-methyinaph.

1-m.naphthalene

biphenyl

acenaphthylene

acenaphthene

dibenzofuran

b3

fluorene

methylphenanthrene

Py Lot B Do B b

phenanthrene

anthracene

carbazole

fluoranthene

>

pyrene

K XXX

naphthacene

benzo(a)anthracene

chrysene

benzo(b+k)fluoranthene

benzo(a)pyrene

indeno(1,2,3-c.d)pyrene
+ dibenzo(a,h)anthracene

benzo(g.h.iperylene

Xl X[X[X]| X
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APPENDIX §

CHARACTERIZATION OF THE STUDY CREOSOTE
Conducted by Paul Brooks
Institute for Sedimentary and Petrolecum Geology

Calgary, Alberta
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HBRIEF SUMMARY OF COAL TAR DATA

The coal tar suppliéd (Waterloo) was separated iato 2
fractions; wviz. hydrocarbons and resins (see scheme 1). Each
fraction was examined by GC-MS.

A further sample of the coal tar was treated with a dilute
solution of NaOH and extracted with dichloromethane(see scheme 2).
The residual aqueous layer was acidified with HCl and extracted
again with dichloromethane. This provided an "acid” fraction of the
coal tar which was subsequbétly examined by GC-MS.

An aliquot of the coal tar was shaken very gently in excess
water (see scheme 3). No emulsion was evident. An aliquot of the
aqueous layer was carefully taken, acidified and extracted with
dichloromethane. This provided a readily water soluble fraction of
the coal tar. This fraction was examined by GC-MS.

RESULTS

A) Hydrocarbans
Figure 1 shows the Total Ion Current {TIC) of the hydrocarbon

fraction from coal tar. The trace has been annotated with compound
identities bamed on data base library searching and on the basis of
retention times compared to the literature. Naturally, the major
components are polynuclear aromatics (PNA's) with a wnminor
contribution <from sulphur containing compounds such as
benzothiophene and dibenzothiophene. Table 1 1lists the major

components present in the fraction.

methyl phenanthrenes
cyclopenta phenanth.
fluoranthene

conc. Campound cong.
indene + pyrene -t
naphthalene b benzo(a)fluorene +
2-methyl naphthalene -t benzophenanth. g
l-methyl naphthalene ++ chrysene -
acenaphthalene + benzofluoranthene(b)+
biphenyl + benzofluoranthene (E)+-
dimethylnaphthalenes + benzo(E)pyrene T+
dibenzofuran ++ benzo(A)pyrene +
fluorene 4+ perylene +
phenanthrene o benzperylenes +
anthracene +4

L

++

4
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B) Resnin Fraction
Figure 2 shows the TIC of the
The trace is extremely complex. The trace has been annotated with

tentative identifications of the major componente based on library
search of the full mass spectra. Thus, the fraction appears to be
dominated by phenols and substituted phenols and by nitrogen
containing PNA"s. Table 2 summarizes the major components present.

Compaund

phenol

methyl phenols

dimethyl phenols
ethyl,methyl phenols
isoquinoline

benzene acetonitrile
methylquinolines
dimethylquinolines
methyl indole

carbazole -
benzoquinolines
nitrosocarbazole?
anthracene carbonitrile ++

“resin” fraction of the coal tar.

g

fluorene carbonitrile -+
flurantheneamine +
benzocarbazoles ++
L) Acid fraction

Flgure 3 shows the TIC for the “acid” fraction from the coal tar.
As previously, the trace is annotated with the identifications of
. the major components based on library search and GC retention time.
The major components appear to be phenol, substituted phenols and
oxygen containing compounds. Table 3 lists the major components

identified. .

phenol

2-methyl phenol
4-methyl phenol
dimethyl phenols
ethyl,methyl phenol
naphthalenols or
phenyl furans
methyl naphthalenols
biphenyl-ols
dibenzofuranocls
prhenanthrenols
benzonapthofuransas

i
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D) Water soluble components

After gently shaking an aliquot of coal tar with water, the aqueocus
layer was acidified and extracted with dichloromethane. The
resulting mixture was examined by gc-me. The TIC obtained is shown
in figure 4 annotated with compound identifications based on
library search and gc retention time. The major components are
phenol, methyl phenols and dimethyl phenols. The major component
eluting early in the chromatogram is possibly benzonitrile, based
on Iibrary search. The ovnly PNA detected, which was only present in

minor concentrations, was naphthalene.
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SCHEME 1

SCHEME 2

SCHEME 3

COAL TAR

SUCA/ALLUMINA. COLUMN
0 WUBK
® METVSL
| HYOROCARSONS | TEINS'
GC-MS GC-MS
COAL TAR
1) NaOH diite
2) dichiormethane
| ]
AQUEQUS LAYER SOLVENT LAYER
1 HCI divte
2 dichiommethane
‘ACID RACTION* GC-MS
COAL TAR
' GENILY SHAKE WITH WATER
1 i |
WATER LAYER COAL TAR LAYER
1) ACDIFY

2) EXTRACT DICHLOROMETHANE

WATER SOLUBLE EXTRACT

GC-MS
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Groundwater Plume Development from a Complex Organic Mixture

Mark King', Heather Maicoimson? and James Barker'
'Waterloo Centre for Groundwater Research
2 Gartner Lee Limited

ABSTRACT

Creosote is a complex mixture of polycyclic aromatic hydrocarbons (PAHSs), heterocyclic
compounds and phenolic compounds. The fate of plumes originating from mixtures of this
type is complicated since the solubility and environmental persistence of the constituent
compounds can vary greatly. The purpose of the present study is to evaluate the applicability
of Raoult’ s law as a dissolution model for creosote at a field research site. In the laboratory
component of this work, batch tests were conducted to evaluate the ideality of creosote.
Batch resuits were then used {o calculate expected initial concentrations of creosote
compounds at a field site where a volume of soil containing coal tar creosote was emplaced
"below the water table. Transfer of organic compound mass from creosote to groundwater was
characterized with intensive sampling of the developing plume and the dissolving source.

Results indicated that Raoult's law provides a reasonable prediction of batch test
concentrations for 4 of the 10 compounds evaluated. A dissolution model based on Raoult's
law and the concentrations from the batch test also provided a reasonable prediction of
dissolution from the field source for three of four compounds evaluated. It was noted that
throughout the source, concentrations of the more soluble compounds (m-xylene and
naphthaiene) became more variable with time while the degree of variability remained
constant for the less soluble compounds (dibenzofuran and phenanthrene). The evolving
ratios between compounds were predictable with the Raoult's law model. However it was
necessary to extend the model well past the duration of the field experiment in order to fit all
the data. This was taken as an indication that creosote was heterogeneously distributed in
the original source. The increase in variability of the more soluble compounds with time has
implications for evaluating mass flux from compliex organic sources at contaminated industrial

sites.
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INTRODUCTION

Many products and wastes derived from coal and oil contain varying amounts of PAHs,
heterocyclic compounds and phenolic compounds. Examples of these types of materials
include coal tar, creosote and petroleum siudges. They are ofien complex in composition,
with constituents that vary widely in aqueous solubility. As a result, ® complex groundwater
plume may evoive if these types of mixiures are aliowed to enter the environment. Typically,
it is difficult to predict the resulling groundwater composition since the complete composition
of the parent material is often not known. Also, even if the parent material is fully
characterized the equilibrium solubilities of the constituent compounds may not be predictabie
by the simplifying assumption of ideal behaviour. Since many of these compounds are
aerobically biodegradable (Meuiler et.al. 1989) a first step in evaluating the environmental risk
associated with a8 contamination occurrence may involve investigation of the expected degree
natural attenuation (Salanitro, 1893). In arder to do this, it is necessary to evaluate the mass

flux of contaminants to groundwater.

The research discussed in this paper is part of the Coal Tar Organics in Groundwater
Program at the Waterioo Centre for Groundwater Research and is ongoing. The objective of
the overall program is to conduct research on the environmental behaviour of mixtures of coa!
tar organics, specifically, PAHs, heterocyclic compounds and phenolic compounds. In this
paper we present results from a laboratory batch dissolution test and from an emplaced
creosote source at a field site. Creosote was selected as the source material because it is
comprised of a wide range of PAHS, heterocyclic and phenolic compounds that are found in
other coal- and oil-derived mixtures. [n the following, we compare laboratory and field
dissolution resuits with predictions according to Raoult's law and provide preliminary
conclusions. The purpose of this comparison is to evaluate the validity of applying Raoult' law
as a dissolution model for creosote at field research site and other sites where groundwater is
affected by similar mixtures. For the research site, this work will be used to estimate the
mass flux of creosote compounds to groundwater so that the rate and processes of natural

attenuation can be evaiuated.

BACKGROUND
Creosote Properties.and Environmental Significance

Creosote is used as an industrial wood preservative and is a thin oily liquid that may vary from
yeliow-green to black in colour. Since it has 8 density slightly greater than that of water and is
composed of hydrophobic compounds it is classified as a dense nonaqueous phase liquid
(DNAPL). In general, creosote may consists of up to 200 chemicals (Meuller et .al., 1989):
approximately 85% PAHs, 10% phenolic compounds and 5% oxygen-, sulphur-, and nitrogen-
heterocyclic compounds . The solubility of the components varies by several orders of

magnitude. .

In Canada, it is reported that creosote contamination of soils, groundwater and surface waters
is known to be occurring at 24 past or present creosote-handling sites (Environment Canada,
1993). There are currently 27 creosote wood treatment facilities in operation in the country. |t
is estimated that aimost 1400 wood treatment facilities, half of which are inactive, exist in the
United States (USEPA, 1992). More than 60 of these sites are on the USEPA National

Priorities (Superfund) List.
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Dissolution

When a compound partitions between two phases to the degree that equilibrium is reached
the chemical activities for the compound are, by definition, equal in both phases such that

(Lane and Loehr, 1992):
a=x'%'=x’’ N

where a, is the activity of solute /, the superscripts @ and o signify the aqueous and organic
phases, respectively, x, is the mole fraction of / in each phase and b, is the activity coefficient
of i in each phase. A simplification of this equilibrium relationship is often applied on the basis
of Raoult's law. This law was originally used to define the linear relationship between partial
pressure of a component in the headspace over a muiti-component liquid and the mole
fraction of that component in the liquid (Laidler and Meiser, 1982). In terms of partial
pressure, 3 liquid is termed “ideal” if it conforms to this linear relationship. For the extension
of Raoult's law to partitioning between an aqueous phase and an organic mixture, components
in the mixture are said to display ideal behaviour if they partition linearly to the aqueous phase
in proportion to the product of their mole fraction in the organic phase and their mole fraction

solubility.

Two assumptions are inherent in this approach (Mackay. et.al. ,1891): 1) the activity coefficient
in the organic phase is equal {0 unity - a reasonable approximation for organic mixtures
composed of compounds with similar chemical properties and 2) the inverse of the solute
activity coefficient is equal to the mole fraction solubility of the component. Incorporating
these two assumption into equation 1 gives the mole fraction form of Raoult’s law :

x'=x°X? 7))

where X' is the mole fraction solubility of for the pure component in contact with water.
Rewriting equation 2 in terms of the concentration gives (Shiu et.al., 1988):

C'= xS, (3

where C' is aqueous concentration and S, is the pure component liquid solubility. For
compounds that are solid in pure form and at the temperature of the given system, liquid
phase solubility can be calculated with the following (Shiu et.al., 1988):

S, = S,exp[6.8(T,/T-1)] (4)

where S, is solid solubility, T,, is meiting point (°K) and T is the system temperature. For
compounds that are solid at the system temperature, the calculated liquid solubility will be
greater than the solid solubility but, as pointed out by Mackay et.al. (1991), the dissolved
concentration can never exceed the laiter. Values of these parameters for the compounds

selected for this study are provided in Table 1.

Several studies have examined the degree to which various compositionaily compiex organic
mixtures conform the Raoult's law model of ideal behaviour. Cline et.al. (1991) determined,
through batch-type testing, that a variety of 30 gasolines conformed closely to Raouit’s law.
Agueous partitioning of eight PAHs from four different diesei fuels was investigated with batch
tests by Lee et.al. (1992a) and determined to be well described (within a factor of two) by
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Table 1. Creosote compound properties and initial concentrations

Molecular| Metting| Solid Liquid Creosote

weight® | point® |solubility®|solubility® |compostion (mg/L)
(deg ©)| (mg/L) (mo/L) (n=8)
- |m-Xylene 106.2 -48 200 200 39659
- [Phenol 94.1 43| 82000] 123650 14486
2 6-dimethyiphenol 122.2 27 7800 8164 200
- [Naphthalene 128.2 81 31.7; 11200 98943
- |Phenanthrene 178.2 101 1.3 7.40 127414
Anthracene 178.2 216 0.07 55 12708|
- |Dibenzofuran 168.2 86 10 40.2 45055
‘|Carbazole 167.2 247 1 159 3374
Pyrene 202.3 156 0.14 _280 40315
- |1 m-Naphthalene 1422 -22 28.5 28.50 19701
Fraction of total

mass identified L 0.39|

* information sources: WCGR, 1992 and Verschueren, 1983.
** all analysis performed after amendment with additional compounds
(m-xylene, carbazole, p-cresol and phenol)

assuming ideal behaviour. A similar degree of agreement was reporied by Lee et.al. (1992b)
for partitioning of PAHs from eight different coal tar sampies, also with batch tests. Priddle
and MacQuarrie (1994) examined the solubility of crecsote with a dynamic column
experiment. In a mass transfer rate test, five of the seven PAHSs for which they analyzed
conformed to ideal behaviour within a factor of two.

Field Site

The field research site is located at Canadian Forces Base (CFB) Borden, approximately 80
km northwest of Toronto, Ontario, Canada. It is in an unused sand pit situated approximately
350m north of a municipal landfill that operated from 1970 to 1976. Several hydrogeological
studies have been conducted at this location over the past 1S years. Geology and local-scale
hydrogeology of the area was discussed in detail by MacFariane et.al. (1983). Mackay et.al.
(1986) discussed the hydrogeology and groundwater quality in the sand pit area. Only details
relevant 1o dissolution of the creosote source are discussed here.

The site is underiain by an unconsolidated sand aquifer consisting of medium- to fine-grained
sand. These deposits are glaciolacustrine in origin and grade into silts and clays at a depth of
approximately nine metres. MacFariane et. al. (1983) and Nicholson et. al. (1983) discussed
the inorganic chemistry and migration of a groundwater leachate plume originating from the
landfill and underlying the sand pit study site at depths ranging from 6 to 7 m. From the
water table 1o the top of the leachate plume, groundwater is largely unaffected by the landfill.
A study of the groundwater flow system in the sand pit was conducted by Linderfelt et.al.
(1994) at the same time as the study reported herein. They reported that the water table in
the sand pit ranges from the surface 1o a depth of approximately 1.5 m. Estimates of
hydraulic conduclivity by Mackay et. al. (1986) indicated a mean value of approximateiy
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7 X 10° m/s. Mean porosity was estimated at 0.33 and the average linear velocity of
groundwater was estimated at 0.091m/day

Chemistry of background groundwater (unaffected by the leachate plume) at the site was
examined by Nichoison et. al. (1983) and Mackay et. al. (1986). The groundwater is relatively
hard with low dissolved organic carbon. Dissolved oxygen was determined to be variable but
in general the aquifer was aerobic with oxygen ranging up to 8.5 mg/L. Data collected
through this study indicate that the dissolved oxygen concentration in groundwater directly
upgradient of the creosote source is 2 to 3 mg/L.

METHODS

Sample Analysis

The analytical methodology used for the study was developed for quantification of creosote
compounds in groundwater, sand and pure creosote. Compounds selected for analysis were
intended to be representative of the main groups of compounds found in creosote and
included two phenolic compounds (phenol and 2,6-dimethyiphenol), five PAHs (naphthalene,
1-methyinaphthaiene, anthracene, pyrene and phenanthrene) and two heterocyclic compounds
(carbazole and dibenzofuran). M-xylene was inciuded in the analytical suite as a
representative petroleum hydrocarbon. Analysis was aiso conducted for several other
compounds but due to the variable availability of analytical standards, only the 10 compounds
above were analyzed throughout the whoie experimental period.

Groundwater samples (typically 45 mL) were prepared by adding 9 g NaCl to promote
partitioning of all analytes and 1 mL 1N HCI to enhance partitioning of phenolic compounds.
Samples were then capped and allowed fo stand for 24 hours before addition of 3 mL
dichloromethane. Samples were then placed-on a shaker for 20 minutes at 350-400 rpm and
1 mL of the solvent was removed to an autosampler vial. Pure creosote was prepared for
analysis by dissolving a 10 uL sample in 10 mL dichloromethane and then fransferring 1 mL

to an autosampler vial.

Extracts were injected into a Hewlett Packard 5890 Gas Chromatograph (GC) equipped with
an HP7673A autosampler and Flame lonization Detector (FID). The temperature program for
analysis was as follows: 40 °C for 0.5 min, 15 °C/min to 300 °C, hoid 10 min. The carrier
gas was helium with a flow rate of approximately 24 mL/min. The injector temperature from
the GC was 275 °C, FID temperature was 325 °C and injection volume was 3ul.

Creosote Characterization

Raw creosote was amended with certain compounds so it would be more widely
representative of typical composition (Meuller, 1989). To 69.5 kg of creosote the following
compounds were added: 0.45 kg carbazole, 0.50 kg p-cresol, 1 kg phenol. M-xylene was also
added (3 kg). to provide a compound representative of petroleum hydrocarbon sites. The
density of the modified creosote was 1.03 g/mL.

Batch Dissolution

A batch dissolution test was conducted 1o evaluate the effective solubility (Se) for selected
compounds. Additional details of the experiment are provided by Malcolmson (1992). Into
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each of three glass crimp-top hypovials a quantity of creosote was added (between 4.21 and
6.51 g) and the remainder of the bottie was filled with background Borden groundwater
(between 62.28 and 72.66 mL). The botiles were then sealed with teflon-lined caps and
stored in the dark at approximately 10 °C for one month. One water sample was removed
from each boftle for analysis of equilibrium aqueous concentration and duplicate samples of
creosote were removed from each bottie for analysis of equilibrium creosote concentrations.

Field Source Emplacement and Monitoring

The creosote source was emplaced hydraulically upgradient of an existing multi-leve! bundie
piezometer network. The system was first used for the joint Stanford-Waterico natural
gradient tracer test conducted from 1982 to 1985 (Mackay et.al., 19856). The network has
been modified and added to in subsequent studies, including this one, and the current layout
of the near-source piezometers in reiation to the creosote source is shown in Figure 1. Since
this paper is concerned only with data coliected within the source, subsequent description will

focus on methodology directly related 1o the source.

The creosote source, shown in Figure 2, was emplaced on August 28, 1991. Details of the
source installation are provided by Maicolmson (1992). Sealable sheet piling (Starr et.al.,
1991) was vibrated into the ground in a rectangular array (5 X 1.5 m). The sand inside the
sheet piling was excavated after it was dewatered with two shallow dewatering wells. The
source sand was mixed with creosote in 8 cement mixer at less than 5% creosote by volume:
laboratory testing had indicated that it shouid be effectively immobile at this concentration. A
total of approximately 74 kg of creosote was added to approximately 5800 kg of sand.

Borden sand was not used for the source material since the addition of creosote to the sand
would result in some decrease in porosity which wouid inhibit the movement of groundwater
through the source. instead a coarser sand was used, with a hydraulic conductivity of
approximately 3.59 X 10, based on sieve analyses (Devlin, 1994) - approximately 5 times
greater than Borden sand. Porosity of the source sand was estimated at 0.31 (Malcolmson,
unpublished data) and it was caiculated that with the creosote addition the porosity would
effectively decrease to approximately 0.29. Work in progress will provide a detaiied evaluation
of groundwater flux through the source. However, preliminary hydraulic modelling indicates
that the flux rate through the source should be similar to the ambient groundwater flux rate in
the vicinity of the monitoring system. On that basis, a total flow rate through the source of
0.204 m*day (0.030 m*/day/m? cross-sectional area) was used as an estimate of the amount

of groundwater contacting the source.

Bundle piezometers were installed within the source at iocations shown in Figure 2. Each
piezometer consisted of either 11 or 13 monitoring points, separated by a vertical distance of
20 to 30 cm and constructed of 3 mm ID stainiess steel tubing. To install the piezometers, a
S cm ID aluminum tube fitted with an aluminum tip was vibrated into the ground with a
vibrating hammer. The tip was then knocked out of the end of the aluminum tube and the
bundle was inserted. The aluminum tube was then pulied out of the ground allowing the

sand to coliapse around the bundie.

Samples have been collected from a few selected piezometers within the source on an
approximately monthly basis, up to the present. In addition, more intensive "snapshot”
sampling of approximately 30 points within the source, was conducted several times since the
source was emplaced. In this paper we will discuss a time series of samples collected from
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one point (SS4-4 shown on Figure 2) and two sets of snapshot samples collected at 55 and
1008 days. All groundwater sampies were collected in 60 mL hypovials using a suction
sampling head. This device is fitted to the top of the sampie bottie and contains two ports: an
outiet port attached to a suction pump and iniet port atlached to a piezometer tube. When a
vacuum is drawn on the outlet, groundwater is drawn in through the iniet. At least one tubing
volume was purged before sample collection. Additional details on sampie coliection are
provided by Malcolmson (1992) and Nielsen and Hansen (1992).

RESULTS AND DISCUSSION

Creosote Characterization

Averages of analytical results for eight samples of the aitered creosote (analyzed prior to field
source emplacement and after amendment with four additional compounds ) are shown in

Table 1.
Batch Test

Results of batch testing were used o calculate S, by rearranging equation 3. The creosote
mole fractions used in this case were those caiculated for creosote from the batch test botties
at the end of the equilibration period. A molecular weight of 200 was assumed for the
unidentified portion of the creosote. Values for C' were taken directly from analysis of the
water. Calculated S, values are shown in Table 2 and are compared with literature values (or
those caiculated with equation 4, as required).

Comparison of these two values gives some measure of the ideality of the creosote in terms
of dissolution behaviour. Lee et.al. (1992a) use a “factor of two" as a guide for evaluating the
agreement between Raoult's law predictions and measured solubility, and hence the ideality of
the organic liquid. The ratios between S s caiculated from the batch test results and those
from the literature are shown in Table 2. Raouit's law provides a satisfaclory prediction (within
a factor of two) of batch results for m-xylene, naphthalene and dibenzofuran but phenol,
phenanthrene, carbazole and pyrene are overestimated. Since 2 6-dimethyiphenol and
anthracene were not detected in the aqueous samples, they were also overestimated. Only 1-
methyinaphthalene was significantly underestimated by Raoult's law.

Field Results

Results from batch testing were used as an updated estimate of S, for application to the field
data. The product of the batch-derived S, and the initial creosote mole fraction (Table 2) was
used as the Raouit's law prediction of expected initial effective solubilty (Se) from the field
creosote source. Conceptually, the Se determined in this manner can be considered the
expected concentration if a small volume of water contacted a much larger volume of creosote
such that the mass loss from the organic phase does not cause a significant change in mole
fractions, even for the most soluble compounds. Mole fractions of the initial creosote were
again caicuiated using an assumed average molecular weight of 200 for the unidentified
portion of the creosote. Estimates of initial Se (aqueous concentrations in equilibrium with
initial creosote) are shown in Table 2.
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Table 2. Comparison of equilibrium aqueous concentrations from literature
and application of Raoult’s law to batch dissolution results

Creosote |Pure compound solubility (mg/L.| Ratio Aqueous

mole 1) @ (1) :(2) concentration

fractions” literature | Batch dissolution in equlibrium
I, values tests (n=3) with creosote (mg/L)**
m-Xylene 9.3 200 225 09 14.4
Phenol 0.1 123650 527871 2.3 1388
2.6-dimethyiphenoi| 0. 8164 not detected| - 0
Naphthalene [ X 112 84| 1.2 12.4]
Phenanthrene 0.1 74 36| 2.1 0.44
Anthracene . 55 not detected - 0
Dibenzofuran [} 40.2 339 1.2 1.6
Carbazole 0.92 159 67] 24 0.23
Pyrene 0. __2.80 098] 29 0.03
1 m-Naphthalene 0. 28.5 71.0] 04 1.7

erva:

= assumes average molecular weight of 200 for unidentified creosote compounds
*> calculated with batch test pure compound solubility and mole fractions of initial creosote

Figure 3 depicts the evolution of Se, based on Raouit's law, for selected creosote compounds
(m-xylene, naphthalene, dibenzofuran and phenanthrene) dissolving from the emplaced
creosote source. These curves were calculated with a simple spreadsheet model using the
assumptions stated above and also assuming that the unidentified portion was insoluble. The
value used for groundwater flux through the source was 0.204 m*/day, for reasons discussed
earlier. For the purposes of the calculations it was assumed that all the groundwater passing
through the source during a given time step reaches equilibrium with the creosote, according
to equation 3. At the beginning of the next time step, the mass dissolved into the aqueous
phase during the previous step was subtracted from the creosote and mole fractions were
recalculated. Calculations for the first 100 days were performed with a relatively short time
step (0.25 days) to minimize the error of this approximation during the time that phenol mole
fraction is changing rapidly. The time step was subsequently increased to 5 days since the

- remaining analyzed compounds are less sensitive to this type of error due to their relatively

low solubilities.

Also shown on Figure 3 are groundwater concentrations at level 4 of multi-level piezometer
S84, installed within the creosote source. The location of this monitoring point is shown on
Figure 2, denoted as SS4-4. This level was selected for demonstration because it has been
monitored consistently and has maintained relatively consistent concentrations. In some other
monitoring points small blobs of pure phase creosote have occasionally been recovered
during sampling and have caused an apparent, but erroneous, increase in dissolved
concentrations. The model based on Raoult's law approximates most of the field data within a
factor of two, although considerable scatter is apparent in the measurements. The significant
decreases in concentration predicted over the monitoring period for m-xylene and
naphthalene are evident in the measured data. Dibenzofuran deviates most from the
predicted behaviour. Nonideality of the creosote is not considered to be the cause of the
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difference since the pure compound liquid solubility used to calculate the initial Se was
determined through batch testing. Rate-limited dissolution (ie., limited by contact time
between groundwater and source creosote) is aiso not suspected as the cause since it does
not appear to have limiled concentrations of the other three compounds, although it cannot be
ruled out. Potential causes under review inciude analytical uncerlainty in characterization of
the initial creosote (eg., co-elution of an unidentified compound with dibenzofuran) and the

batch test samples.

Figure 4 shows concentration profiles in SS4 for m-xylene, naphthaiene, dibenzofuran and
phenanthrene at 55 days and 1008 days after emplacement of the creosote source. M-xylene
and naphthalene show more variable depietion between sample sets. This increase in
variability of aqueous concentrations with time, which is best illusirated by the naphthalene
profiles, may resuit from heterogeneous distribution of creosote mass in the source. Care was
taken during installation to keep the creosote-sand mixture consistent. However, cores

»

naphthalene (mgitL)
[ ]

PRRETUPPE R UIIG, SV B

0O 200 400 &0 800 1000 1200 0 200 400 600 800 1000 1200
days since source emplacement days since sourcs emplacement

3; 16 I— i
- ! g !
J24% o - s | B . |
E | . 4 = i
£ 1.8 4 2 :
~ " $08 30 ——a, ., ,
S .1 o 3
51.2]'.; ~~~~~ .. : e T 3 ® o0 o 3 * ;
19 Rt ~. Eo_‘ e - —
v ! L . i

0 ‘ 0 - i

o] 200 400 600 800 1000 1200 ¢ 20 400 600 800 1000 1200
days since source empiacement days sinte source empiacement

i==Raoull's law prediction ® Sempies from 5S4-4 |

Figure 3. Comparison of dissolved concentrations of creosote compounds (m-xylene,
naphthalene, dibenzofuran and phenanthrene) in groundwater within the
creosote source with concentrations predicted by applying Raoult's law;
values for pure compound liquid solubility have been determined with batch

dissolution tests.
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collected from the source shortly after emplacement indicated considerable variability in
creosote concentration (data not shown). In portions of the source that contained iess
creosote mass, higher solubility compounds such as naphthalene and m-xylene may have
been depleted as indicated by aqueous concentrations that are much lower than expected in
some locations. Less spreading was observed for dibenzofuran and phenanthrene
concentrations, probably as a resuit of lower solubility. However, an overall decrease in
dibenzofuran was observed and is difficult to explain since the prediclied Se stays constant
over this period. The obvious decrease in the measured values may indicate that the mole
fraction in the initial creosote was less than that indicated by analysis.

A further illustration of increasing variability in aqueous concentrations of the more soluble
compounds is shown in Figure 5. The measured data are from sampies collected at points
throughout the creoscte source at 55 days and 1008 days. As shown in the plot of
naphthaiene vs. dibenzofuran, concentrations of both compounds showed relatively little
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variation throughout the source at 55 days. However, a considerable spread in the
naphthalene data became apparent by 1008 days. Dibenzofuran concentration decreased but
in a relatively consistent manner. A similar trend is noted for naphthalene vs. phenanthrene,
with the exception that no decrease is apparent for phenanthrene after 1008 days.

Figure 5 aiso shows expected trends of compound ratios according to the Raouit's law model.
These have been extended to 10,000 days to cover the range of measured concentrations.

As expected, the data for dibenzofuran does not fit the prediction: again it appears that a
lower initial mole fraction is indicated for dibenzofuran. However, data for naphthaiene vs.
phenanthrene and naphthalene vs. m-xyiene show a reasonable agreement with the curves,
with considerable scatter noted. At 55 days, most of the data points are located in a cluster at
the early time part of the curves. However, by 1008 days the data are distributed along most
of the length of the curves. Consequently, within the confines of the parameters used in the
model, up to 10,000 days would be required for naphthaiene and m-xylene concentrations to
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decrease as low as those measured in many of the 1008 day samples. This result is
consistent with the suggestion of variable initial concentrations of creosote throughout the
source, since the effect of iowering the initial concentration is similar to that of extending the
period of dissolution. The observation that the more soluble compounds have been depieted
by as much as ten times sooner than predicted may therefore indicate that at some locations,
initial creosote concentration was an order of magnitude less than expected.

It is notable that with the processes indicated above, it is possible for groundwater migrating
out of a contaminant source area to have @ consistent composition initially even though the
NAPL distribution is heterogeneous. With time, zones of low NAPL concentration could
become depleted of the more solubie compounds. Composition of groundwater leaving the
source would then become variable with respect to the more soluble compounds while
concentrations of the less soluble compounds remain relatively consistent . This
compositional variability may be important in terms of estimating dissolved mass flux from
organic mixtures with a wide range of compound solubilities. On an actual contaminated
industrial site, where contact time will typically be much longer, groundwater plumes evolving
from these types of mixtures are likely to be even more variable in cross-section: more time is
available to magnify the effects of heterogeneous NAPL phase distribution. in such a
circumstance, considerable care is required to make a reasonable estimate of contaminant
mass flux from a source area into a groundwater plume.

CONCLUSIONS

Results of dissolution batch tests showed that Raoult's law provided a reasonable estimate
(within of factor of 2) of the effective solubility of four of ten analyzed creosote compounds.
The effective solubility of m-xylene, naphthalene and phenanthrene in groundwater at one
point in the emplaced creosote source was satisfactorily predicted by Raoult's law over a
period of 1000 days, but dibenzofuran behaviour was not well predicted. The deviation for
dibenzofuran is considered to be related to experimental methodology rather than nonideality
of the creosote with respect to this compound.

The degree of vanability in groundwater composition throughout the creosote source
increased dramatically in a relatively short time for m-xylene and naphthalene. It is evident
that at many individual points the Raouit's law model would not have provided a satisfactory
prediction. Comparison of the Raoult's law model to groundwater concentrations throughout
the source provided an indication that the increasing variability was due to heterogeneous
initial distribution of pure phase creosote. This observation has implications for interpreting
organic plume data at sites contaminated with compiex organic mixtures with a wide range of

compound solubilities.
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APPENDIX 7
RESULTS FOR QUALITY ASSURANCE AND CONTROL

1. Effect of sample and extract storage time

2. Field blanks

3. Trip blanks
4. Effect of sorption to teflon sampler tubing
5. Influence of purge volume on groundwater composition
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Effect of sample and extract storage time on analytical chemistry results
Snapshot #5, Emplaced Creosote Source
Mark King / May 19, 1995
- 1. Samples collected
™ 24 identical samples from a near source piezometer (3-0-7); sample are indicated by "NS"
° 24 identical samples from a far source piezometer (11-0-6); samples are indicated by "FS"
] NS and FS sets have been split into 8 groups each; each group is composed of triplicate
samples, for example the first set is NS-1(1), NS-1(2), NS-1(3)

2. Effect of Sample Storage Time
[ Samples NS and FS 1 through 4 will be extracted in sequence, at regular intervals over the
extraction period:
Samples Extraction Date Analysis Date
NS-1(1), NS-1(2), NS-1(3) May 19 all 24 samples at same time
FS-1(1), FS-1(2), FS-1(3) (around May 31)

NS-2(1), NS-2(2), NS-3(3) May 23
FS-2(1), FS-2(2), FS-2(3)

NS-3(1), NS-3(2), NS-3(3) May 26
FS-3(1), FS-3(2), FS-3(3)
NS-4(1), NS-4(2), NS-4(3) at end of extraction period
FS-4(1), FS-4(2), FS-4(3)
o keep a record of exact extraction and analysis dates

3. Effect of Extract Storage Time
[ Samples NS and FS 5 through 8 will be extracted at the same time and analyzed in

sequence, at regular intervals over the analytical period:

Samples Extraction Date Analysis Date

NS-5(1), NS-5(2), NS-5(3) all 24 samples at same time ASAP after extraction
FS-5(1), FS-5(2), FS-5(3) (around May 19 or ASAP)

NS-6(1), NS-6(2), NS-6(3) June 30

FS-6(1), FS-6(2), FS-6(3)

NS-7(1), NS-7(2), NS-7(3) July 31

FS-7(1), FS-7(2), FS-7(3)

NS-8(1), NS-8(2), NS-8(3) at end of analytical period
FS-8(1), FS-8(2), FS-8(3) (around end of August)

° keep a record of exact extraction and analysis dates
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Table 1. Summary of results from experirment to test the effect of sample and extract storage time:
results are averages of triplicate samples and units are in ug/L.
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Extract storage
near source far source
Odavs __ [49days |69davs |Odavs _ [49davs |69 davs
m-xylene 0 0 0 568 542 587
naphthalene 1435 1585 1285 16806 16405 15148
indole+2-m.naph 163 227 176 1397 1352 1338
1-m.naph 100 204 205 814 801 916
acenaphthene 87 100 9% 48 46 53
| dibenzofuran 0 0 0 293 300 413
_Sample storage
near source far source
Odays | Sdays | 7days | 10davs | Odays | Sdays | 7days | 10
m-xylene 0 0 0 0 578 636 549 617
naphthalene 1396 1138 979 1041 15209 15910 16367 16447
indole+2-m.naph 196 115 82 87 1375 1421 1326 1349
1-m.naph 190 136 72 97 807 821 834 837
acenaphthene 9% 9% 96 102 47 50 52 61
dibenzofuran 0 0 0 0 369 387 405 404
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Tablc 2. Resulls for sample point and for ficld blank sampled subscquently through the same manifold connection, using standard purge volume; all results in ug/L..

Sna 3

sampied point  |m-xyl phenol 126 naph phenan  |anth dib carb pyrene  [I-m.n o-cres ptm 24425

11-00-13 0 0 0 3802 0 0 16 0 0 0 0 0 0

ficld blank 0 0 (] 0 0 0 0 0 0 0 0 0 0

11-00-14 0 [t 0 608 0 0 0 0 0 0 0 0 0

ficld blank 0 0 0 0 0 0 0 0 0 0 0 0 0

16-00-13 0 0 0 0 0 0 0 0 0 0 0 0 0

ficld blank 69] 0 0 1] | 0 0 0 0 0 0 0 0 0

sampled point |23 35 ind+2,.m.n [biph acen-y  [aecn uor flucra Banth  Jchrys B-fivora | B-pyr ind+dib  |benzo
11-00-13 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ficld blank 0 0 0 0 0 0 0 0 0 0 0 0 0 0
11-00-14 0 0 of 0 0 0 0 0 0 0 0 0 0 0
ficld blank 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16-00-13 0 77 35 0 0 0 (1} 0 0 0 0 0 0 0
field blank of 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 2, (continued)

Snapshot 5

sampled point | m-xyl phen o-cres ptm 26 24425 123 33 naph ind+2.m.n |V-mn biph acen-y aecn
03-01-07 8128 0 0 0 0 0 0 8600 1264 483 923 41 860
field blank 0 0 0 0 0 0 0 10 0 0 0 0 0
08B-N1-07 k]| 0 0 0 0 0 0 1551 0 97 0 0 0
field blank 0 0 0 0 0 0 0 0 0 0 0 0 0
09-00-07 84 0 0 0 0 0 0 6857 968 k1) 284 0 30
field blank 0 0 0 0 0 0 0 0 0 0 0 0 0
19-01-08 0 0 0 0 0 0 0 6485 0 0 0 0 0
ficld blank 0 0 0 0 0 0 0 0 0 0 0 0 0
19-02-10 0 0 0 0 0 0 0 2318 0 0 0 0 0
ficld blank 0 0 0 o 0 0 0 0 0 0 0 0 0
21-02-06 0 0 0 0 0 0 0 2443 0 0 0 0 0
ficld blank 0 0 0 0 0 0 0 0 0 0 0 0 0
sampicd point | dib fluor phen anth carb fluora pyrene  |B-anth chrys B(b)-fluor }B(k)-fluor | B-pyr ind+dib  [benzo
03-01-07 421 m 123 62 86 0 0 0 0 0 0 0 0
field blank 0 0 0 o| 0 0 0 0 0 0 0 0 0
08B-N1-07 0 0 0 0 0 0 0 0 0 0 0 0 0
ficld blank 0 0 0 0 0 0 0 0 0 0 0 0 0
09-00-07 0 0 0 0 0 0 0 0 0 0 0 0 0
field blank 0 0 0 0 0 0 o 0 0 0 0 (1] 0
19-01-08 0 0 L) 0 0 0 0 0 0 0 0 0 0
field blank 0 0 0 0 0 0 0 0 0 0 0 0 0
19-02-10 0 ] 0 0 0 0 0 0 0 0 0 0 0
field blank 0 0 0 0 0 0 0 0 0 0 0 0 0
210206 0 0 0 0 0 0 0 0 0 0 0 0 0
field blank 0 0 0 0 0 (1] ] Q 0 g 0 0 ¢
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Table 3. Trip blank results (ug/L)

Sna 4 - 1008 da

sampling location _|m-xy1 _ Iphen o-cres 26 24925 |23 35 naph ind+2.m.n Il-m.n Jbiph scen-y _ aecn
02-N2-16 0 0 0 0 0 0 0] 0 0 0 0 0 0 0
03-N2-16 0 0 0 0 0 0 o} 0 0 o] 0 0 0 0
08B-N2-16 0 0 0 0 0 0 0 0 0 o] 0 0 0 0
08B-N1-14 0 0 0 0 0 0 0 0 0 of 0 0 0 0
09-00-16 0 0 0 0] 0 0 0 0 0 [ 0l 0 0 0
09-01-16 0 1] 0 o] 0 0 ol 0 0 ol o] 0 0 0
19-01-16 0 0] 0 0] 0 0 0] 0 0 o} 0} 0 0] 0
sampling location _]dib fluos phen anth Jeard fluora  |pyrene  IB-anth __|chrys fluor B(k)-fluor |B-pyr _ |ind+dib lbenm ‘
02-N2-16 0 0 0 [ 0 0 0 0 0 0 0 0 0 0
03-N2-16 0 0 0 | 0 0 0 0 0 | 0 0 0 0
08B-N2-16 0 0 0 0] 0 0 0 0 0 0] 0 0 0 0
08B-N1-14 0 0 0 o] 0 0 0 0 0 o] 0 0 0 0
[09-00-16 0 0 0 o] 0 0 0 0 0 o] 0 0 0 0
09-01-16 0 0 0 0] 0 0 0 0 0 0] 0 o} 0] 0
19-01-16 0 0 0 ol 0 0 0 0 0 o] 0 of 0] 0
Soapshot $ - 1357 days

sampling locstion m-xyl  Iphea ocres _ |ptm 26 24428 ]23 38 ind+2.m.n ll-m.n biph acon-y _ |acen
03-00-16 0 0 0 0 0 Q 0 0 0 0 0 0 0 0
03-01-16 0 0 0 0 0 [ 0} 0 ] o] 0 ) 0 0
08B-N1-14 0 0 0 o] 0 0 of 0 0 o] 0 0 0 0
09-00-16 0 0 0 0} 0 0 0} 0 0 ol 0 [ 0 0
19-01-16 0 0 0 0] 0 0] [0 0 0 M| 0 0 0 0
21-02-16 0 0 0 of o] of of 0 106 of 0 0 0 0
sampling location _{dib fuot phen anth ____ {carb fluora [B-aeth  [chiys b)-fuos |B(k)-fuor §B-pyr  [ind+dib __ [bemzo
03-00-16 0 0 0 0] 0 0 o] 0 0 0 0 0 0 0
03-01-16 0l 0 0 of 0 0 0] 0 0 o] 0 0 0 0
03B-N1-14 (] 0 0 0] 0 0 0] 0 0 ] 0 0 0 0
09-00-16 ol 0 0 of 0 0 0 0 0 0] 0 0 0] 0
19-01-16 0 0 0 0] 0 0 0 0 0 0] 0 0 0] [}
21-02-16 0 20 0 1| 0 0 0 0 0 o] 0 0 o 0




Table 4. Results of samples collected to evaluate whether sorption to teflon piezometer tubing

has a significant effect on sample results; bulk sample was recoveredfromasm'nlasf steel
piezometer, then aliquots were either poured directly into sampie bottles or pumped into

MMGmghdmofuﬂmmbhgmmpedmplamgmdbyuSOmLmegﬁnﬂar

10 standard field sampling protocol.
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Table 5. Results from sample sct collected to evaluate the variability of groundwater composition in responsc to pumping; samples were recovered after

purging 50 mL (A), 500 mL (B) and 1000mL (C) from the samplcr; results indicate that composition is relatively insensitive to pumping, for the tested volumes,

Sample Location; 4-6 27-5 90 20-1
A B C A B C A B Cc A B C

m-xylene 0.000 0.000 0.000 0.079 0.091 0.106 0.601 0.608 1,079 0,000 0,000 0.000
phenol 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
o-cresol 0.000 0.000 0.000 0.000 0.000 0.000 0.067 0.062 0.087 0,113 0,107 0.107
p+m-cresol 0.000 0.000 0.000 0,000 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000
2,6-dmp 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000
2,4+2,5-dmp 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0,000 0.000 0.000
2,3-dmp 0,000 0,000 0,000 0.000 0.000 0,000 0.000 0.000 0.000 0,000 0,000 0.000
3,5-dmp 0,000 0,000 0,000 0,000 0,000 0,000 0.000 0,000 0,000 0.000 0.000 0.000
naphthalene 0427 0.468 0.443 3.292 3.321 3.378 6.914 6.961 6.654 3,038 3438 3.489
indole+2-mn 1.252 1292 1.274 0.732 0,730 0,738 0.754 0,759 0.780 0,000 0,000 0.000
1-m.naph 0612 0.630 0.620 0.609 0.609 0.609 0.488 0.491 0.441 0,000 0,000 0.000
biphenyl 0.350 0.369 0.368 0224 0.222 0.222 0014 0015 0.142 0,000 0.000 0,003
acenaphthylene 0.039 0.058 0.057 0,033 0,033 0.033 0.006 0.005 0.030 0.000 0,000 0,000
acenapthene 1.320 1,393 1.366 0.768 0.772 0.771 0,044 0.047 0.268 0,000 0,005 0.005
dibenzofuran 0.651 0.713 0.706 0319 0315 0,326 0.064 0,069 0,069 0.000 0,033 0,033
fluorene 0417 0488 0474 0.196 0.196 0.201 0.005 0,005 0,007 0.000 0.005 0,005
phenanthrene 0.445 0.549 0527} 0019 0,019 0.019 0.000 0.000 0.016 0,000 0,000 0.000
anthracene 0.064 0.070 0.069 0.055 0.057 0.058 0,000 0,000 0.008 0,000 0,000 0.000
carbazole 0.257 0.279 0.298 0.256 0.249 0241 0.000 0.000 0.077 0.000 0,000 0.000
flvoranthene 0.071 0.098 0.084 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0.000 0.000
pyrene 0.05] 0,075 0.064 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0,000
B(A)anthracene 0,000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0,000 0,000 0.000
chrysene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0,000 0,000
B(b)fluvoranthene 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B(k)ftuoranthene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0.000
B(a)pyrene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0.000 0.000
indeno+dibenz 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
benzo 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000




APPENDIX 8
PROCEDURE FOR ESTIMATION OF PARTITIONING COEFFICIENTS

PURPOSE

To estimate K s for moderately hydrophobic creosote compounds.

METHODS

1.0

Preparation of stock solution

add 1.2 mi carbazole and 8.6 ml m-xylene to 180 mL raw creosote (liquid only); mix well;
split mixture into 2 100mL glass bottles; seal each with no headspace and place in freezer for
several hours to increase viscosity

pour one bottle of creosote mixture into a 1L amber glass bottle,

fill remainder of 1L bottle with Borden groundwater taking care not to put blobs of creosote
in suspension, seal with no headspace

store at room temperature for three days (based on Malcolmson (1992) results re time to
reach equilibrium)

siphon 0.8L of water from the creosote/water bottle into another glass bottle

Determination of soil/water partitioning coefficients

Dilution of stock solution

prepare 400 ml of each of the following by adding Borden groundwater: straight stock
solution, 2X dilution, 4X dilution, 8X dilution, 16X dilution

collect a 20 mL sample of each for analysis of initial concentration;

Batch preparation

to a 100 mL (nominal) glass bottle add approximately 25 g Borden sand; fill remainder of
bottle with solution (average solution volume=103mL); seal with a crimped cap (silicon
seal/metal cap)

make up triplicate bottles for each solution for a total of 15 bottles (S solutions X 3)

make up a triplicate set of control bottles for each dilution by completely filling 100 mL glass
bottles with solution (no sand), cap as above (5 solutions X 3)

total "partitioning coefficient” bottles = 30 bottles

Batch treatment

agitate bottles gently at room temperature for 12 hours
centrifuge the bottles for 15 minutes to settle the sediment

collect 20 L1 water sample from each bottle through the silicon cap with a syringe
total "partitioning coefficient" samples = 5 initial + 30 batch =35
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Table 1. Summary of results for batch determination of solids partitioning coefficients (Kd);
stock solution results for the latter three compounds have not been incorporporated since they are
considerably greater than plume concentrations.

Stock | 2XDilution| 4XDilution | $XDilution{ 16XDilution
Solution
naphthalene (A) Control Aqueous conc. (triplicate mean; ug/L) 9037 4449 2129 1094 513
(B) Batch 1 squatic conc. (ug/L)  vpp] 4072 2083 1062 506
(C) Bstch 2 aquatic conc. (ug/L) 8345 4220 2071 105S 488
(D) Batch 3 aquatic conc. (ug/L) 8644 4158 2075 1037 439
(E) Mean batch aquatic conc.; mesn of B,C,D (ug/L) 8587 4150 2076 1051 494
(F) Batch 1 Sorbed=((A-B)*vol water)/(mass sand); (mg/kg) 1092 1553 192 131 25
(G) Batch 2 Sorbed=((A-C)*vol water)/(mass sand); (mg/kg) 2849 944 239 163 102
() Batch 3 Sorbed=((A-D)*vol water)/(mass sand); (mg/kg) 1620 1198 223 236 98
| (DMesn sorbed: mean of FGH (mg/kg) assel 1232 218 177 75
phenanthrene  (A) Control Aqueous conc. (triplicate mean; ug/L) 389 282 97 49 24
(B) Batch 1 aquatic conc. (ug/L) n 207 78 36 19
(C) Batch 2 aquatic conc. (ug/L) 31 211 69 13 19
(D) Batch 3 aquatic conc. (ug/L) m 209 63 38 18
(E) Mean batch aquatic conc.; mean of B,C,D (ug/L) 260 209 69 36 18
(F) Batch 1 Socbed=({A-B)*vol water)/(mass sand); (mg/kg) 462 310 90 52 b«
(G) Batch 2 Sorbed=((A-C)*vc! water)/(mass sand); (mg/kg) 634 29 117 65 24
(H) Batch 3 Sorbed=({A-D)*vol water)/(msss sand); (mg/kg) 487 301 140 46 2
Mean mean of F, 534 300 116 54 25
dibenzofuran  (A) Control Aqueous canc. (triplicate mean; ug/L) 73S 349 175 78
(B) Batch 1 squatic conc. (ug/L) 634 209 2 49
(C) Batch 2 aquatic conc. (ug/L) 657 k) k) 159 69
(D) Batch 3 aquatic conc. (ug/L) 648 316 157 74
(E) Mean batch aquatic conc.; mean of B,C,D (ug/L) 646 195 132 64
(F) Batch 1 Sorbed=((A-B)*vol water)/(mass sand); (mg’kg) 416 576 3g4 119
(G) Batch 2 Sorbed=((A-C)*vol water){(mass sand); (mg/kg) 322 148 68 35
(H) Batch 3 Sorbed=((A-D)*vol water)(mass sand); (mg/kg) 360 13§ 76 16
] (I) Mean sorbed: mean of F.G.H (mg/kg) 366 286 176 57
carbazole (A) Control Aquecus conc. (triplicate mean; ug/L) 384 178 104 50
(B) Batch | squatic conc. (ug/L) 306 148 ] 45
(C) Batch 2 squatic conc. (ug’L) 316 175 89 49
(D) Batch 3 aquatic conc. (ug/L) 311 150 108 47
(E) Mean batch aquatic conc.; mean of B,.C,D (ug/L) k]| 158 9% 47
(F) Batch 1 Sorbed=((A-B)*vol water)/(mass sand); (mg/kg) 319 124 59 21
(G) Batch 2 Sorbed=((A-C)*vol water)/(mass sand); (mg/kg) 280 10 62 2
(H) Batch 3 Sorbed=((A-D)*vol water)/(mses sand); (mg’kg) 300 113 -16 12
Mean mean of F, 300 82 33 12
l-mnaph (A) Control Aqueous conc. (triplicate mean; ug/L) 643 294 109 S5
(B) Batch 1 squatic conc. (ug/L) 614 253 107 54
(C) Batch 2 aquatic conc. (ug/L) 619 281 100 “
(D) Batch 3 aquatic conc. (ug/L) 604 283 98 9
(E) Mean buaich aquatic conc.; mesn of B.C,D (ug/L) 612 73 102 47
(F) Batch | Sorbed=({A-B)*vol water)/(mass sand); (mg/kg) 122 170 ? 3
(G) Batch 2 Sorbed=((A-C)*vol water)/(mass sand); (mg/kg) % 53 34 46
(H) Batch 3 Sorbed=((A-D)*vol water)/(mass sand); (mg/kg) 163 46 “ 48
() Mean sorbed: mean of F.G.H (mg/kg) 128 90 28 32
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Table 2. Summary of Kd estimates

naphthalene | phenanthrene dibenzofuran carbazole |1-m.naphthalene
aqueous| sorbed |aqueous| sorbed (aqueous| sorbed jaqueous|sorbed |aqueous| sorbed
conc. | conc. | conc. | conc. | conc. | conc. | conc. | conc. | conc. | conc.
(ug/l) |(m u (mg/kgl(ug/l) |(mg/kg|(ug/L) (mg/kpl(ug/L) |(mg/kg)
8587 | 1854 | 260 534
4150 | 1232} 209 | 300 | 646 | 366 | 311 | 300 | 612 128
2076 | 218 69 116 195 | 286 | 158 82 273 90
1051 | 177 36 54 132 176 96 35 102 28
494 75 18 25 64 57 47 12 47 32
Kd 022 1.80 0.67 0.83 0.24
R2 0.94 0.94 0.32 0.87 0.80

151



APPENDIX 9

IN SITU K, ESTIMATION

BACKGROUND

Samples of groundwater and sand were collected from within the plume to obtain an in situ X,
estimate. Groundwater samples were collected from three different multi-level samplers in order
to locate vertical zones where plume concentrations were relatively consistent between three to
four vertically adjacent sampling points. Groundwater results, shown in Table 1, indicate
detection of zones that were suitable with respect to several moderately hydrophobic compounds.
Sand cores were subsequently obtained within these zones, and results are provided in Table 2.
Table 3 provides results of the estimation technique, where average groundwater concentration
has been related to estimated sorbed concentration.
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Table 1. Analytical results for groundwater samples collected for in situ evaluation of Kd: the sampling objective was to locate a vertical intcrval
where aqueous concentrations were relatively consistent, for subsequent comparison with corc data collected from the same interval.

mg/l.

location; 214 2-1-3 2:1-6 217 218 | 6A-NI-3  6A-NI-4 6A-NI-05 6A-NI-6 6ANI-7 | 9B-1-3 9B-1-4 98BI 9B.1-6  9BIT

| depth (m below grado) 24 26 28 3 3.2 _22 24 26 28 3 22 24 26 28 3
m-xyleno 0.054] 2689 27221  8.036f 1.029 0,037 0.081 0.614 1179 1.195 0.010 0016 0.019 0.032 04072
phenol 0.000] 0.000 0.000]  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
o-cresol 0,000} 1,000 0000  0.000] 0000 0.000 0.000 0000 0.000 0.000 0,000 0.000 0.000 0.000 0.000
ptm-cresal 0.0008  0.000 0000] 0000] 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000
2,6-dmp 0.000] 0,000 0.000 0.000] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2,4+2.5-dmp 0.000f 0.000 00001 0000 0.000 0.000 0.000 0.000 0,000 0.000 0,000 0.000 0.000 0,000 0.000
2,3-dmp 00001 0.000] 0.000] 0000] 0000 0.000 0.000 0.000 0.000 0.000 0.000, 0.000 0.000] 0,000 0,000
3,5-dmp 0.000] 00001 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
nsphthalenc 73891 9102 8252] 8849 9700 1.250 3422 4792 4,952 4.833 2376 4178 4316 4612 4453
indole+2-m.n, 0.946 1.006 0,878 0.988 1.075 0,156 0,489 0.577 0,783 0.689 0.009} 0.020 0.036 0.103 0.184
1-m.naph 0.524] 0.543 0481} ©0.337] 083 0.172 0.334 0.428 0.526 0.436 0.233 0.230 0.142 0.134 0.176
IS 0.000] 0,000 0.000f 0.000{ 0.00¢ 0.000 0.000 0.000 0.000 0.000 0.000 0.000]  0.000 0.000 0.000
 biphenyl 0.194] 0212 0.178] 0204} 0219 0.037 0.100 0.131 0.180 0.136 0.004 0,003 00001 0.000 0.000
acenaphthylenc 00331  0.026 0035 0024 0028 0.008 0.016 0.020 0,024 0.020 0.027 0.000]  0.000f 0.000 0.000
accnaphthene 07021 0.750] 0652{1 0704} 0775 0.194 0.341 0.468 0,622 0.474 0.000 0.019 0.000] 0,000 0.000
dibenzofuran 0343} 0373 03221 0338 03N 0.026 0.036 0.074 0.080 0,093 0.000 0.000 0,000 0.000 0.000
flucrenc 02181 003 0.211 0.231] 0242 0.012 0,016 0.031 0,037 0.041 0.000 0.000 0.000 0.000 0.000
phenanthrene 01421 0136 0144] 01431 0138 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
anthracenc 0.078) 0.080 00651 0077 0073 0.014 0.028 0.047 0,053 0,088 0.000 0.000 0.000] 0.000 0.000
carbazole 02631 02791 02381 0.291] 0.294 0.042 0.122 0.123 0.160 0.165 0,000 0,000 0.000] 0.000 0.000
fluoranthene 00001 0000 0.000] 0000] 0000 0.000 0.000 0.000 0.000 0.000 0.000] 0.000 0.000] 0.000 0.000
pyvenc 00001 0000] 0.000] 0.000] 0.000 0.000 0,000 0.000 0,000 9.000 0.000 0,000 0.000] 0,000 0.000
| B(a)anthracene 00001 00001 0.000] 0.000] 0.000 0.000 0.000 0.000 0,000 0,000 0.000 0.000 0.000 0.000 0.000
|chrysenc 0000} 0.000) 0000] 0000] 0000] 0000] 0000] 0000 0000 0.000 0.000 0000} 0000] o0000] 0000
| B(b)fluoranthene 0.000] 0.000 0000] 0000] 0.000 0.000 0.000 0.000 0.000 0,000 0,000 0.000 0.000 0.000 0.000
B(k)fluoranthene 00007 0000) 0000 0.000f 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
| R(a)pyrence 0000 0000} 0000] 0.000] 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 4,000
indenotdibenz 0.000] 0.000 0.000] 0.000] 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000
benzo 0.000f 0000] 0000f 0000] 0.000 0.000 0.000 0,000 0.000 0,000 0,000 0.000 0.000 0.000 0.000




Table 2. Results for core samples collected adjacent
to groundwater sampling sites; units are mg/kg wet weight
and have not been corrected for compound mass present in

interstitial water.
location: 2-1 6A-N1 9B-1
depth top(m): 2.74 244 244
depth bottom (m): 3.05 2.73 2.74
m-xviene 0.505 0.157 0.205
pheno 0.000 0.000 0.000
o-cresok 0.000 0.000 0.000
p+m-cresol 0000] 0000] 0000
2.6-dmp 0.005 0.004 0.002
2.4+2.5-dmp 0.000 0.000 0.000
3-dmg 0.000 0.000 0.000
3 Iy 0.000 0.0(!) 0.000
naphthalene 2.001 0.830 1.204
indole+2-m.n. 0.433 0.226 0.037
1-m.naph 0.234 0.164 0.116
IS 0.000 0.000 0.000
biphenvl 0.245 0.134 0.000
acenaphthylene 0.023] - 0.014 0.002
cenaphthene 0.573]  0.291 0.004
dibenzofuran 0.493 0.068 0.000
fluorene 0.346 0.030 0.000
phenanthrene 0.580 0.000 0.001
anthracene 00851 __0.030] __ 0.000]
carbazole 0315]  0.101 0.000
fluoranthene 0.000 0.000 0.000
yvren 0.000 0.000 0.000
B{a)anthracer o,m O.M O.M
chryser 0.000 0.000 0.000
B(b)luoranthene 0.000 0.000 0.000
B(k)fluoranthene 0.000 0.000 0.000
B(a)pvrer 0.000 0.000 0.000
indeno-+dibenz 0.000 0.000 0.000
benzo 0.000 0.000 0.000
Water content 18.1 174 18.5
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Table 3. Summary of in situ Kd estimation; groundwater results were calculated using data from
sampling points that "bracket” the cored interval (see Table 1); sorbed concentration was estimate
by subtracting dissolved mass from the soil concentrations given in Table 2, on the basis of sampl
water content (Table 2) and mean groundwater concentration (this table).

Compound Sampling | Distance Groundwater results Sorbed Point | Average
Iocation from for cored interval concentration Kd Kd
source Mean n standard (ug/kg) estimate | (cm2/g)
(m) (ug/L) deviation (cm3/g)
naphthalene 2-1 2.5 8975 4 520 739.05 0.08 0.09
6A-N1 8 4389 3 686 209.59 0.0s
9B-1 16.75 4434 3 188 606.61 0.14
phenanthrene 2-1 25 140 4 4 659.81 470 4.70
6A-N1 8 ND 3 -
9B-1 16.75 ND 3 -
dibenzofuran 2-1 2.5 358 4 2 51733 144 126
6A-N1 8 63 3 19 68.85 1.08
9B-1 16.75 ND 3 -
carbazole 2-1 2.5 275 4 22 322.55 1.17 094
6A-N1 8 135 3 18 95.40 0.71
9B-1 16.75 ND 3 -
1-m.naphthalen 2-1 2.5 537 4 37 179.58 0.33 041
6A-N1 8 429 3 78 117.23 027
9B-1 16.75 169 3 44 106.02 0.63
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APPENDIX 10
MICROCOSM EXPERIMENT

BACKGROUND

Experiment conducted by Mark King and Marianne VanderGriendt; set up on May 10, 1995;
write-up by Marianne VanderGriendt and Mark King.

MATERIALS AND METHODS:
Core Matenal:

After collection, cores were stored at 4 degrees Celsius until use. The core used for this
experiment was collected from Canada Forces Base Borden on Jan 25, 1995 (by Mark King).
The top of the core was from a depth of 2.18 m and the bottom was labelled at an 3.35m depth,
with collection occurring 0.61 m down gradient of 3-N1. Sections 0.3 m in length were cut and
the inner diameter of each section was pared out of the core barrel. Care was taken to avoid
material coming from the 1-2 cm at the ends, and around the sides of the core barrel. One
hundred and forty grams (140g) of mixed parings were weighted into each of the 6 autoclaved
control microcosms and autoclaved for 1 hr. on 3 separate occassions over the course of a 5 day
period (Days 1, 2, and 5). Inner diameter section of the core were mixed and stored at 4 degrees
Celcius, in sterile 1L mason jars, for 5 days until control autoclaving was complete. Again, 140g
of core material from the mason jars was allocated to the active microcosms immediately before
set up.

Groundwater

Used Mark's collected groundwater from September of 1994-uncontaminated Borden
groundwater.

Since this experiment was aerobic, no nitrogen purging of the groundwater occurred. The initial
dissolved oxygen content of the water was not measured but was assummed to be aerobic, since
the carboy was stored at 4 degrees Celcius with a sizable headspace for quite some time (ie.
expected dissolved oxygen approximately 6-7mg/L).

Aerobic microcosms

All equipment used during the set up was sterilized prior to use and aseptic technique was

employed throughout the experiment. Twelve 1100ml glass bottle microcosms, with 0-ring tap

stopcocks (J. Young Scientific Glassware Ltd.), and mininert (R) capped side arms were used for

the experiments, so that continuous re-sampling of the microcosms could be carried out, while

maintaining an atmospheric seal. Of these 12 bottles, 6 consisted of control microcosms (core
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material previously sterilized). Of these 6 controls, 3 received 3.4mis of a 10%solution of sodium
azide ((1) CONTROL-1, (2)CONTROL-2, (3)CONTROL-3). The remaining 3 control bottles
did not receive sodium azide addition ((10)CONTROL-4, (11)CONTROL-5, (12)CONTROL-6)
but the groundwater used in these microcosms was filter sterilized through a 0.2um membrane
filter (these controls were prepared for Jennifer Maud's specific needs). The remaining 6 bottles
were active microcosms, with 3 unammended bottles ((4)ACTIVE-1, (5)ACTIVE-2,
(6)ACTIVE-3) and 3 bottles ammended with an inorganic nutrient medium called modified
Bushnell Haas medium ((7)ACTIVE-4+MBH, (8)ACTIVE-5+MBH, (9)ACTIVE-6+MBH).

All bottles were placed in the sterile air flow cabinet were sodium azide addition (3.4mls of a 10%
solution of sodium azide) was made to each of the 3 appropriate controls ((1) CONTROL-1,
(2)CONTROL-2, (3)CONTROL-3) and 6.9mls of the inorganic nutrient medium (modified
Bushnell Haas medium) was added to each of the appropriate active microcosms ((7) ACTIVE-
4+MBH, (8)ACTIVE-5+MBH, (9)ACTIVE-6+MBH). The modified Bushnell Haas medium
consisted of per Liter: K2HPO4, 1.0g; KH2PO4, 1.0g; NH4NO3, 1.0g; MgS04*7H20, 0.2g;
Cacl2*2H20, 0.02g; Fecl3, 0.005g; distilled H20, 1000mls; and pH to 7.0 (Modified from
Mueller et. al. 1991. ES and T,25:1045-1055). All bottles received 380mls of diluted creosote
contacted water (method of composition described below) via a graduated cylinder. For this
experiment, filter sterilized (0.2um fiiter) Borden groundwater was used to prepare the creosote
contacted water so that sterile controls, without azide could be prepared for Jennifer Maud. After
dispensing, bottles were immediately closed, leaving a 660ml headspace within them.

Microcosms were incubated in a 10 degree Celcius incubator under static conditions.

Note: A few of the necks of the large bottles broke after the initial set up and had to be transfered
to a smaller sized 800ml bottle. This resulted in a smaller sized headspace within the microcosm.
However, since oxygen content within the microcosm was measured at each sampling time,
oxygen depletion would be detected if it occurred.

Bottle Transfers occured on:

May 10, 1995

(6)ACTIVE-3 AND (8)ACTIVE-5+MBH
May 15, 1995

(NHACTIVE-4+MBH

Microcosm Sampling

Microcosms were removed from the incubator, and placed in the sterile air flow cabinet and the
sampling procedure went as follows:

A 20ml ground glass syringe (rinsed 1X with 2.5mls of methanol and 3x with milli Q water) was
fitted with a sterile disposable 22g needle tip. The stopcock of the bottle was opened and the
bottle was gently placed on its side to allow groundwater to fill the sidearm. The needle tip of the
syringe was inserted into the sidearm of the bottle by unlocking the mininert valve and 13mls of
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groundwater was removed from the microcosm. The 13ml sample was immediately placed in an
18ml hypovial containing 3g of sodium chloride and 0.3mls of 1N hydrochloric acid (standard
creosote sample preparation. This vial was crimped with a teflon septa and aluminum seal and
transported to the organic geochemistry laboratory were Kim Hamilton added the 1ml of
methylene chloride (with internal standard) and did the organic analysis for PAH's etc.

After this sample was taken, another 3.5 to 4mis was collected for Jennifer Maud's biological
assays.

After the sampling had occurred, the mininert valve was left open for a short time to allow sterile
air from within the sterile air flow cabinet to replentish the vacuum within the bottle. The syringe
used to sample the bottles was cleaned, as previously described, between bottles and new sterile
syringes were also used.

The headspace of the bottles was sampled for carbon dioxide and oxygen by withdrawing a Sml
gas sample via a syringe, and injecting it onto a gas partitioner with a thermal conductivity
detector (two columns in series - D and molecular sieve). After sampling for CO2 and Q2 had
occured, the tap of the bottle was closed and the bottles were placed back in the 10degree Celcius
incubator. Sampling times occurred on the following dates:

May 11, 1995 - Set 1 - Day 1
May 15, 1995 - Set 2 - Day §
May 18, 1995 - Set 3 - Day 8
May 25, 1995 - Set 4 - Day 15
June 8, 1995 - Set 5 - Day 29

Preparation of Creosote Contacted Water:

To prepare the creosote contacted groundwater, 150 mis of pure creosote was placed into a 6L
erlenmyer flask and 6g (6.95mls) of m-xylene and 0.95g of carbazole were added in. Four liters
of filter sterilized Borden groundwater was added along with a teflon stir bar and the flask was
tightly capped with a teflon wrapped stopper. The flask was stirred for 48 hrs.and sampled to
determine initial concentrations of PAH's, etc.

Preparation of Diluted Creosote Contacted Water:

Creosote contacted water was carefully siphoned off of the creosote and collected in a bottle with
a teflon-faced septa. A 4.33L volume was made by adding 2.63L of groundwater and 1.7L of
creosote contacted water. Diluted creosote contacted water was allowed to stir for 30 min.
before dispensing to the microcosms.

CREOSOTE AND HEADSPACE RESULTS

Results of creosote compound monitoring are provided in Table 1. Sample calibration tables for
analysis of oxygen and carbon dioxide in microcosm headspace are shown as Tables 2 and 3,

respectively, and a summary of headspace data if 5psrovic:led in Table 4.
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Table 1. Summary of dissolved creosote compound data for large microcosms - values are triplicate averages, in ppb.

Compound ‘ Sterihized Control Active Active w/ Nulrients

Day, 1 5 8 15 pyl 133 1 5 3 15 29 133 1 5 3 15 29 133
m-xylene 2897 4197 3599 3102 1897 1622 2636 3521 3246 25N 1607 1963 2344 3203 2433 969 128 0
phenol 668G 5B 6746 606 03> 4785 6100 5347 6196 479 1098 2161 6582 5401 607 239 )8 a2
o-cresol 1503 142 463 368 1354 206 401 1413____1429 298 1233 681 1442 351 138 278 14 0
ptm-cresol 6997 683 7281 7409 6145 5612 6689 664 7017 6827 4262 769 6765 644! 383 3934 524 60
2.6-dmp 20 i 4 [] 06 ® 116 0 92 28 06 [i}] 106 10§ 3
2.4+2S.dmp 1184 17 1227 1252 118 99 1132 1158 1223 1125 879 583 44 1132 109 433 3 62
2,3dmp 2688 210 3021 3016 28 2185 2607 2583 3058 2526 2358 1617 2558 2458 28 2206 1767 L)
3,5-dmp 13 S 114 162 113 89 108 91 84 ¥k} 14 20t 88 2 8 ¢ 108 19
naphthalene 3646 4237 4286 3826 2332 284 3439 2563 921 131 469 221 3419 49 2 17 81 13
indole+2-m. 10158 11481 47844 11499 6928 12178 9644 10560 11193 R862 3809 7620, 9712 D58) 8959 7235 297 1,11
1-m.naph ki) 414 429 64 231 210 376 401 438 58 17 138 39 ass 54 53 208 42
15 1 __
 biphenyl 155 161 156 117 84 128 146 90 2§ 12 10 32 150 6 23 12 1] 18
acenaphihylene 4 61 & & 7] 46 &5 63 58 2 32 44 6 y 36 25 24|
[acenaphthene a7 492 553 436 36 3 537 553 64 496 308 466 540 42 584 487 365 368|
dibenzofuran an 465 5N 388 93 29§ 50 $00 606 28 191 18 509 485 494 309 59 30}
fluorene 257 23 274 21 k) 21 2 262 NS 223 158 88 280 259 292 210 ki) 24
phenanthreng 284 256 250 203 50 21] 280 237 271 93 160 210 299 238 268 I 32 63
anthracene 133 187 163161 71 9 140 46 % 82 75 80 149 34 148 14 7 62
carbazole 45 (3 7] 728 460 247 29 412 70 06 29 0 26 436 306 254 p ( 9)
fluoranthene 47 51 52 38 29 7 4 4 46 3 24 20 60 47 47 2 2 16
[pyrene 34 40 36 24 2 0 3 3 1] 2 20 gr 36 2 73 28 0
 B{s)anthracene [ ) 0 0 ) 0 ) 0 D 0 0 0 0 0 0 ) 0 [
| chrysene 0 4 0 ) 0 D 7 0 0 0 0 0 0 ] 0 [
B(b)fluomnthene 0 0 0 0 0 0 0 0 0 0 0 0 ) 0 0 0
B(k)fluoanthene 0 0 0 0 0 0 ) )} 0 0 0 0 ) D [1)
M 0 1] 0 0 0 0 ( ) [{ 0 ﬂ ] 0 0
indenotdibenzo 1] 1] 0 0 0 D [1 ) 0 0 q { 0 0
benzo Q [1] 0 a [1] 0 [¢ } 0 Q 0 ( 0 0




Table 2. Standard table for calibration and analysis of oxygen in microcosm headspace;
analysis for June 8, 1995 - Day 29 of experiment.

SAMPLE ID OXYGEN |STANDARD |CALIBRATION
PEAK HT. |% OXYGEN VALUE -
ATTEN 128 % OXYGEN Regression Cutput:
Exds Constant
21.1% OXYGEN 6435 2110 20.07]S1d Ervof Y Est 096
21.1% OXYGEN 65.1 7110 R Squared 097
21.1% OXYGEN 63. 21.1 19.60 |No. of Obscrvations 12
21.1% OXYGEN 67.0 21 20.83 | Degrees of Freedom 1t
AR s60] 30,
AR 623 20.10 19.43]X Coeflicientts) 031
AR 670 20.10 30.8as1d Err ol Coel. 0.0
AR 6731 32010 31.00]
9.7% OXYGEN 335 9.7 .66
9.7% OXYGEN 34.5 9.7 0.73
9.T% OXYGEN 333 3.70 D.66
9.7 OXYGEN 313 .70 0.73
Control 1 613 5.13
2|Control 2 630 5.60
3 JControl 3 63.0 9.60
4 |Active/no nutrients 62.5 944
3 JActive/no nutrients 61.0 98
6 JActive/no nutrients 600 .67
7 JActive/nutrient addition 380 8.04
8 | Activinutrient addition 58.3 8.20
9] Activerutrient addition 36.0 742

- Table 3. Standard table for calibration and analysis of Carbon dioxide in microcosm headspace;
analysis for Junc 8, 1995 - Day 29 of expcriment.
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SAMPLE D CARBON |STANDARD [CALIBRATION |
DIOXIDE |% CARBON VALUE Regression Output:
PEAK HT. | DIOXIDE % CARBON |[Constant 002
_ ATTENS DIOXIDE _ |Sud Error'Y Est 0.02
Sids AR 23 003 0.03|R Squarcd t
AR 35 0.03 0.035 ]No. ot Qbscrvations 12
AIR 28 0.0. 0.03 JDegrees ol Freedom 10
AR 23 0.03 0.03
0.309 CO2 9.0 031 048]X Cocfficieni(s) ~ 0.03
0508 CO2 ).5 Q.51 0.491Std Err of Cocf. 0.00
0309 CO2 90 03 048]
0309 CO3 203 05 0.53]
03% CO2 3920 1020 020
0% CO2 392.0 020 030
03% CO2 3920 020 1030
0.2% CO2 392.0 0.20 10.20
Control 38 0.08
2 jControl 2 4.0 0.08
3 |Control 3 40 0.08
4 JActive/no nutrients 7.8 0.44
3 JActive/no autrients 5.3 0.38|
G | Activiino nutrients 0.5 0.52
7 | Activw/nutnent addition 35.0 15
B | Active’nuterent addition 435.0 1S
) [ Active/nutnent u_r_z_ﬁﬁon 330 1.10




Table 4. Results of oxygen and carbon dioxide measurements in microcosm
headspace; results indicate that microcosms remained aerobic for the duration of
the experiment and that carbon dioxide accumulated in active microcosms.

Day5 | Day®e ] Day15 | Day26 ] Day 132
[Oxvees [Control 1 L8] 2201 ZiR] 1913 5
Control 2 20.84]  21.33] 2161] 19601 _ 18.79
Control 3 19.85] _2031] 2161] 19.60 9.37]
Active/no nutrients X 21.33 21.44 1 2_141 18.08
Active/no nutrients 21,801 22.01] 20.92] 18.98] _ 18.50
Active/no nutrients 2183 2234 20 1867] 1923
Active/nutrient addition 20671 21.16] _ 19.89] _ 18.04] _ 18.
Active/nutrient addition | 21.50] _ 22.01 | 061 18.201  20.22|
Active/mutrient addition | 19.02] _ 19.47]  19.21 17. ~17.47)
Carbon [Control 1 - 0.05] __0.03] 0.0 0.08] __ 0.03]
|dioxide [Control 2 0. 0.03 X 0.
Control 3 004] __003] _006] 008 003
Active/no nutrients 0.18 0.21 0.32 0.44) 1.02
Active/no nutrients 0.18] 024 _029] 038] 0.79)
Active/no nutrients 0.1 026] 031 052] —0.74
Active/nutrient addition 0.1 0.26 0.44 1.15 1.20
Active/nutrient additior 0.34] 053] 1.15] 041
Active/nutrient addition__| _ 0.24] __ 0.34] 0.5 10 1.71
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PLATE COUNT METHODS
(analysts and method write-up by Dr. Barb Butler)

At the conclusion of the microcosm experiment an aliquot of sand from each microcosm was
analyzed for total plate counts. As part of this analysis moisture content was also determined.
Triplicate samples of wet sand were dispensed into pre-dried aluminum pans, weighed, then dried
overnight at 100°C and reweighed. Mean values are reported in Table 5.

Table 5. Moisture content

Microcosm Moisture content (%) standard deviation
Control 1 19.76 0.12
Control 2 19.35 0.14
Control 3 20.02 0.12
Active/no nutrient addition 1 18.41 0.31
Active/no nutrient addition 2 18.87 0.24
Active/no nutrient addition 3 18.67 0.25
Active/nutrient addition 1 18.62 0.26
Active/nutrient addition 2 18.29 0.05
Active/nutrient addition 3 17.90 0.33

To determine plate counts, a suspension of 10 g (wet wt) of sand in 90 mL of 0.1%
Na,P,0,10H,0 (pH 7.0) was shaken for 10 min on an orbital shaker operating at 400 rpm, then
diluted in phosphate-buffered saline (1.18 g Na,HPO,, 0.22g NaH,PO,H,0, 8.5 g NaCl per L, pH
7.0) and spread on plates of R2ZA medium. Triplicate plates were prepared for each dilution.
Plates were incubated aerobically at room temperature and counts were made at 14 and 24 days
and are reported in Table 6.

Table 6. Plate count results, as colony forming units (CFUs)/g dwt.

Microcosm 14 days 24 days
CFU/g s.d. CFU/g  sd.

Control 1 0x10% 0x10° 42x10” 59x10°
Control 2 8.3x10% 1.2x10" 8.3x10" 1.2x10'
Control 3 8.3x10" 5.9x10° 8.3x10"”  5.9x10°
Active/no nutrient addition 1 2.4x10’ 9.2x10°¢ 2.6x10"  1.2x10’
Active/no nutrient addition 2 1.9x10’ 1.5x10° 1.9x107  1.5x10°
Active/no nutrient addition 3 2.1x107 2.1x10° 2.1x107  2.2x10°
Active/nutrient addition 1 6.1x10° 3.1x10° 96x10°  1.3x10°
Active/nutrient addition 2 6.3x10° 9.0x10° 6.5x10°  8.7x10°
Active/nutrient addition 3 6.1x10%° 3.5x10° 6.3x10°" _ 3.2x10°

* estimate; some/all plates had fewer than 30 colonies
** some plates contained spreading colonies that obscured/suppressed other cells
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APPENDIX 11

REDOX CHARACTERIZATION - METHODS AND RESULTS

BACKGROUND

Groundwater was monitored and sampled for redox-related parameters at times the approximately
corresponded to the latter three plume synoptic sampling events (days 626, 1008 and 1357). The
most commonly monitored parameter was dissolved oxygen, with two methods used for analysis: -
CHEMetrics ampule and modification of the Winkler titration. However, data from the former is
considered more reliable, and typically yields lower values. Sampling has also been conducted for
iron, manganese, nitrate, nitrite, ammonia, sulphate, silica, chloride and methane. Analysis for
inorganic parameters was conducted at the Water Quality Laboratory and methane analysis was
conducted at the Organic Geochemistry Laboratory, both located at the University of Waterloo.
Monitoring for pH and temperature was conducted at the study site.

METHODS
Collection of Samples for Laboratory Analysis

1) Methane sample

- Purge 50 mL with the sampling head fitted with an 18 mL hypovial

- Clamp the tube connecting the sample head and the piezometer so the
groundwater does not run back down the tube; remove the 18 mL sample and
crimp, leaving no headspace

2) Iron, manganese, ammonium sample

- place a 120 mL glass hypovial in the sample head and pump the piezometer until
the bottle contains at least 80 mL

- remove 20 mL from the hypovial with a plastic syringe

- filter the 20 mL into a 20 mL plastic sample bottle

- acidify with 0.1 mL H,SO, solution

3) Sulphate, nitrate, nitrite, chloride, silica sample
- pour 20 mL from the glass hypovial directly into 20 mL plastic sample bottle
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Dissolved Oxygen by CHEMets Methods

A sampling head is used to fill a glass hypovial and to further purge at least 50 mL. The bottle is
removed from the head and the CHEMets ampule is placed in the hypovial as rapidly as possible
(to minimize potential for atmospheric contamination) and the tip is broken off by pressing the
ampule against the bottom of the bottle. After mixing the ampule contents, oxygen concentration
is evaluated by colorimetric comparison with standards provided by the company. CHEMetrics
ampules are available in the following measurement ranges: 1-12 ppm, 0-1 ppm and 0-100 ppb.

Dissolved Oxygen by Modified Winkler Titration

Purging and sampling is done with 60 mL plastic syringe which is rinsed with distilled water
between samples and re-used. After connecting a syringe to a piezometer tube, 50 mL of
groundwater is extracted and wasted to purge the tube. The syringe is then re-connected to the
piezometer and a 50 mL sample is extracted and titrated in the field by the method provided by
Neilsen and Hansen (1992).

RESULTS

Results of redox-related monitoring are provided in Table 1.
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Table 1. Results of groundwater sampling for redox-related parameters. (continued)
Location; 1=creosote plume, 2=background, 3=landfill lcachatc plume

Piezo. Date X Y Z | DOby | DOby | SO4 | NO3 | NO2 | CI |8i02) Fe | Mn | NH4 | Cli4 [ Tomp | pH | Location
Winkler | Chemet | (mg) | (meL) | (maL) | (mglL) | (ma/L) | (mg'L) | (moL) | (mg) | (ppb) | (degC)
(mgl) | (mg)

9-0-6 02-Jun-95 0] 1551 33 0.06 )
90-6 14-Jun-94 0] 1551 33 0.22 13.5
9.0-7 _26-Oct-93 0] 155 36 027 13.5] <0011 045 0971 0091 051 2
9-0-7 02-Jun-95 0] 155] 36] 0.132 0.04] 218] <005] <0.05] 151} 153] 048] 006{ 039 10]  129] 742
9:0-7 14-Jun-¥4 0] 155]' 36 0.19 1.1} <001] <001 0.53] 006) <0.1)] 114] 142 ]
9-0-6 26-Oct-9? 0] 155] 33 0.56 49] <001] 0.38 045] 0.12] <0.05] 2.1 |
904 02-Jun-9¢ 0] 1551 217 0.06 )
904 14-Jun-94 0] 155] 27 0.24 13.3 |
9-0-§ 26-Oct93 o] 155 3 0.35 15.2] <001 27 066) 021] <005] 19 1
90-5 02-Jun-95 0] 155 3 0.06 ‘ |
9-0-§ 14-Jun-94 0] 155 3 0.15 14.2 |
9-0-10 4-Jun-94 0] 155] 45 04 13.6] . 1
9-0-10 26-Oct-93 0] 155] 4.8 06 126} <001} 028 006] 004] <005 18 1
9-0-10 02-Jun-95 O] 155] 45 0.06 |
27-1-7 14-Jun-94 2] 49 3 0.2 |
22-4-7 02-Jun-95 2] 49 3 0.2 l
909 02-Jun-95 0] 155] 42 0.08 !
90-8 14-Jun-4 o] 1551 39 0.18 142 ]
9-0-8 26-Oct-91 0 55] 39 0.38 129] <001] <0.01 0.62] 0.07] <0.05 1.9 1
908 02-Jun-93 of 155 39 0.06 1
9-0-9 14-Jun-94 0] 1551 42 03 142 l
909 26-0ct-93 0] _155] 42 0.56 123] <001y 094 03] 008] 0.19 2 1
344 14-Jun94] 252] 135] 27 o] 001 114 1
34-5 02-Jun95} 2.52] 13.5] 24] 0074 003] 131] 164] <005 2.54] 106] 067] 007] 031 10.1] 733 1
344 02-Jun-95] 2.52] 135y 27| 0058 0 <0.1 l
34-1 14-Jun-94] 2.52] 1351 36 0.1$ 002{ 1141 <001] <00 008] 004) <01] 18 12 1
34-1 26-0ct-93] 2.52] 135] 36 0.38 12.1] <001} <0.0 01] 005 0.1 2 |
34-5 4Jun-94] 252] 135] 24] 0.12 002] 98] <00t] <00l 045] 008] <0.1] 67.) 11.6 1
6-1.7 26-Jun93] 15 8] 32 043 |
6-1- 26-Jun-93] L5 8 2 0.17 l
31-1-1 143un94] 2} 57] 18 0.24 1
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Table 1. Results of groundwater sampling for redox-related parameters. (continued)
Location; 1=creosote plume, 2=background, 3=landfill leachate plume

Pizo. | Date | X | Y | Z | DOby | DOby | S04 [ NO3 | NO2 | CI [SiO2[ Fe | Ma | NH4 | CH4 | Temp | pll | Location
Winkler | Chemet | argt) | ma) | (o) | me) [ (met | ey | (mol) | me) | o0t | as©)
(mgl) | (mgl)
345 260ct93| 252] 13s5] 24| o3 0.71] <001] 089 027]_o.1] oos| 27 ]
31| 26Jun®3] 2| 71 18] 10 ]
903 | 260c93[ o] 155] 24| 063 15[ <001] 0.6 015] <002[ 015] o8 1
902 | 02dun95| 0| 15| 21 006 ]
903 43un94] o] 155 24| o034 01| 894] <00i] <001 008] <002] <0.1] 63 1
904 | 260093] 0| 155 27| o062 114] <00s[ 022 059 o1l o071 _ 2 ]
503 oadunoSt ol 155|24] o0a91] 04| 2681 03] <00s] 1.13] 125] 006l <002 068] <0i| 1321723 ]
902 4Jun94] ol 1ss[ 21 o042 133 ]
901 __ | 260ct93] 0| 155] 18] 059 12] <001} 129 035] oo08] o1 21 |
34-1 02Jun95| 252 135 36| 0.157] 003] 146{ <0.0S[ <00S| t46| 108] o.ui] o004] 129 <01] 98] 732 ]
901 14Jun9a] o] 155] 18] 031 136 ]
902 [260093] o 1ss[ 21| o068 136 001|143 022[ oo4 oos] 19 1
90-) 02-Jun9S| o] 15| 138 0.08 ]
38 02-Jun9S| 75| 2485 4 004 ~ 1
14-1-01_| 14Jun94] 3| 24| a7 03 129]_4.71] <00 006] 003 078] 191 131 ]
383 02.Jun 95| 7.5| 2485 34 004 1
40-6 02Jun95| _a4S| 2485] 21 0.0) 1
39 02Jun9S| 6.1 2485 36 002 ]
14-0-11_[260:493] 3| 24| 47| 036 124] <001] 03 005|_002] 031] 189 1
1818 | 26-0ct9: 33l 32 o039 112 <001]_ <00 009 o[ o.12{ 985 1
818 | 14Jun94] 3| 31} 32| o019 10.1] 4.28] <0.01 008| o.a1] 033] 194] 121 ]
418 [260493] 3] 24| 38] o4 106] <0ot] 116 034] o14] <00s] 97 1
418 | 02Jun95] 3] 24| 38 0095| o008] 7.97] 023} <00s[ 135 176] 028] oo8| o4t] 1] 13.7] 747 ]
1418 | 143un94] 3] 24] 38| 022 o0o0s[ 745| <00i] <001 0.18] 04] <01 134] 123 1
40- 4Jun04] 44| 24851 36 0.1 12.1] <001 <001 009] o012 <0.1] 149 1
40-1 26-0ct93| 4.45] 2485] 36| 09 083] <001 1.57 —02]_0.16]_0.06] 397 ]
40- 02-Jun95] 445| 2485 36| o189 002] 885] 1.13] <00S| 166] 146] o.16] o.1i] 033 <o 7.36 ]
393 02Jun 95| 6.1} 2485] 3 003 ]
396 02-Jun95] 6.1] 24.85] 2.1 004 ]
40-2 02-Jun95| 4.45| 248S] 33 0.02 ]
40-5 260ct93] 4.45] 2485 27| 039 146] <001] 082 <005| <0.02] 02 47 ]
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Table 1. Results of groundwater sampling for redox-related parameters. (continued)
Location; 1=creosote plume, 2=background, 3=landfill lcachate plume

Pizo. | Daie | X | Y | Z | DOby [DOby [ S04 [ NO3 | NOZ [ CI [St02] Fe | Mn | NH4 | CH4 | Temp | pH | Location
Winkier | Chemet | (meL) | ety | mot) | (o) [ mats | omey | mety | med | oot | @)
(rg) | (mg)

40-5 02-Jun95| aas| 248s] 24] o.61 ol _137] 224 <00s] 243] 128] 0.3 <002| 032] <04l 103] 747 1
405 14-Jun94] 445] 2485] 27] 02| 008] 137] 1.11] <00l <005] <002] <01l 26} 11 ]
403 02-Jun-0S| 44s[ 2485 3 002 ]
404 02-Jun9S] 44| 24.85] 27 0.1 ]
2311 | 14dun9a] 2] a1] 18] o019 ]
2311 02-un95] 3| 41| 18 04 i
201-13_| 260c493] 4| 35| 42| 036 128] <001] <001 <00S] 003] <005] 493 1
19-0-14__| 02Jun9S| 2| 33| 44 03 ]
20-1-11 | 260c93] 4| 35| 38|  oe 968 <001| 016 <00S] 004]| <005} 47 1
2394 adunss| 2o 4] 24 o.l6 ]
27-1-0 [o02Jun9s] 2 49 18 02 |
27-14 aun94] 2] 45| 24| 006 ]
2111 4lun9d] 2 a9 18] o021 ]
2317 [ 13Jun9a] 2| 4 3| _ois 1
2317__|02jun9s]_ 2 4 3 008 ]
181111 02Jun95] 3} 31] 38| 0231] 008 368] 634] <005| 262] 18] 02s] oos| o2é] 13| 11s| 747 1
19-1-1 adun9a] o 33 18] o046 136 1
8110 | 1aJund4] 31 31| 38]_ o47] o0o08] 431 13| <001 006| 006| 028] 2] 14| 728 ]
818 | o2sun9s] 3] 31| 32| 0396] o006] 7.82] <0.05| <005] 183] 138] 023] o4} 027] 8| 108] 7.52 ]
81-01_|260093] 3] 31| 38 058 13 00| <00 <00s{ 004[ 0.7 328 \
910 |02dun9S] 2| 33| 18 02 I
19-1:11 [ 14Jun94] 2] 33| 38] o1 15.1 i
19-1-84_ [ 14-Jun9e] 2| 33| 44| 017 !
917 02Jun95] 2| 33| 3 02 1
914 [1aJuns4] 2| 33[ 24| 02 1
1917 | 14-Jun9a] 2] 33| 3l o.1s 15.7 i
195 [260a93] 1] 3| 2] o 697] <001]__ 0.6 014] 075] 03] 366 ]
17 | 14lunsal 2 571 3 03 ]
19:8 4un94] ] 3] 2] 035]  o004] 92| <00i] <001 012] 044] 03] 694 12 |
91 260931 1| 3] 28] o043 10.7] <00i] 025 <005] 05| 026] 46 1
9.5 020und98) 1] 3] 2] 0252 o002] 16| 5.38] <oos] 2s1] o08] 037] 022] o0s2{ 4] 93] 724 ]
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Table 1. Results of groundwater sampling for redox-related parameters. (continued)
Location: 1=creosote plume, 2=background, 3=landfill leachate plume

Piczo. Date X | Y| Z [DOby [DOby | SOA [ NO3 | NO2 | C) |Si02] Fe | Mn | NH4 | CH4 | Temp | pH | Location
Winkler | Chemet | (mg) | (mgt) | (mol) | (mal) [(met) ] (mal) | (wah) | (o) | (b)) | (degC)
(mgll) | (mgl)
12-7 02-Jun-95|  1.3] 095] 293] 0219 o001l 116] 264] 007] 147] 9.7 <005] 037] 056] 37 9] 725 ]
12-13 02-Jun95] 13] 095] 1.73] 0.107] 006 1
12-13 14-Jun94] 131 09s] 1.73] <0069 0 10 1
12-10 4-Jun94] 13] 09s] 233] o1 126 l
12-7 14-Jun94] 131 095] 293] 0.4 112] <001} <001 007]_049] <01] 15| 109 ]
12-10 02-Jun-95] 131 095] 233] 0346] 004 1
317 [265un93] 21 S71 3] 169 l
27-2 26-0ct-93 1] 68] 33] 035 11.3[ <00 <00s] 006] o1f 5.1 1
272 14-Jun94 68] 33| 016 3] <0.01] <00 0.05] ©005] <01] 156] 114 1
27-5 02-Jun-95 68] 24| 0078 o 154] <005 <00s| 244 10 007] ©.15] 0.37 3] 91 684 1
27-S 26-0ct-93 68] 24] 039 107] <001] 037 <005} 009} 008} 134 1
27-5 14-Jun-94 68] 24] 0.a5] 003] 961] 15| <00i 0091 009] 0321 so3] 112 1
272 02-Jun-95 68] 33] o.144] o001] 144] 27| <005] 1.77] 108] o0.1] 005] 0.29] 2] 9111732 1
9. 02-Jun-95 .1 3 28] o.4a] o004 14] 293] <0os] 226] 9.17] o0.1] 042] oS] <01l 89] 1.39 1
9. M-Jun94] - 3] 28] 024 01] 114] <0.01] <001 <005] 057] <01 o©04] 112 1
.04 26-Jun-93 of 35| 24] 031 ' 1
3010 1 26-Jun93 o] 351 38] o4 !
340-7 26-Jun93] O] 3S[ 3] 029 1
6-04 14-Jun-94 of 8] 26] 03 10.7] 7.25 ]
6-0-4 02-undS] Of 8] 26] 0305 04 1
6-0-4 26-Jun-93 of 8 26] 103 ]
6-0-1 02-Jun-95 of 8 2 12 0.6 !
6-0-2 14-Jun-94 of 8] 22] o021 113 )
6-0-7 26-Jun-93 of 8] 32] o048 1
60-10 [ 14-Jun-94 0 8] 38] 037 10 )
60-11 | 02-Jun-95 of 8] 4] 0483 0.6 ]
3.2 02-Jun9S]  13] 05| 219 003 ]
6-0-7 14-Jun94 0 8] 32| 043 i ]
6-0-7 02-Jun-9S 0 8] 321 0503 02 ]
6-0-1 26-Jun-93 of 8 2 1. ]
31-1-1__ | 02-Jun95 2f 571 18 0.3 l
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Table 1. Results of groundwater sampling for redox-related parameters, (continucd)
Location: 1=creosote plume, 2=background, 3=landfill lcachatc plume

Piezo. Date X Y Z DOby | DOby | SO4 | NO3 | NO2 Cl |SiO2]| Fe Ma { NH4 | CH4 | Temp | pH | Location
Winkler | Chemet | (mal) | (mg/l) | (mg/L) | (mgL) | (mg/L} ] (mgL) | (mgL) | (maL) | (ppd) | (degC)
(mgt) | (mgh)

6-N1-1 02-Jun95] -1.5 8] 21 0.462 0.3 \
3114 14-Jun-94| 2 57] 24 0.36 [
32 02-Jun-95 1.3 0.5] 3.19 06 }
33 02-Jun-93 1.3 05] 299 0.6 i
6-N1-7 02-Jun95] -1.5 8] 33] 0429 03 }
3-5 02-Jun-95 1.3 05] 2.59 0.3 |
Dissolved Creosote Plume
mean 0.34729] 0.12905] 11.568] 1.5066} 0.2757]1.9264] 12.49] 0.198] 0.13] 0.211) 35.65]11.9591]7.323
n 101 63 53 §3 53 14 14 53 53 83 $3 441 16
sd. 0.26816] 0.16312]4.1864{ 4.694] 0.5367]0.5179] 3.008] 0.217] 0.161} 0.249] 103.82] .784730.159
min [1] of 077 [} o .13 908 [1] [i] 0 [ 891 684
max 1.69 06] 268] 293 27] 262| 18.1] 097] 075] 129 566 15.71 7.52
N1-0-7 26-Jun-93 0] 05 3 2,62 2
N1-0-14 | 26-Jun-93 0f -05] 44 2.1 2
3I-N4-1 | 26-Jun93] -10.5] 2251 18 0.62 2
N1-0-11 | 26-Jun-93 0of 05 38 29 2
13-N4-14 ] 26-Jun93] -10.5] 225] 44 367 2
13-N2-1 | 26-Jun-931 45| 225} 18 0.14 2
13-N2-7 | 26-Jun93] 4A5] 225 3 1.96 2
3-N4-7 | 26-Jun-93] -105] 22.5 3 243 2
2-3 02-Jun-95 1.3] 0951 373 2,18 ] 2
12-3 14-Jun-94 J1 0951 3.73 221 10,3 2
12-1 02-Jun-95 3] 095] 4.13 1.47 i 2
112-1 14-Jun-94 13] 095] 4.13 1.38 11.3] 645 2
13-N2-14 § 26-Jun-931 4.5] 225{ 44 141 2
N1-0-4 26-Jun-93 0] -05] 24 331 2
N1-0-1 26-Jun-93 of 051 18 3.77 2
3.0-14 26-Jun-93 0f 35] 44 1.43 2
6-N2-1 26-Jun-93 -3] 8] 2 4.1 2




Table 1. Results of groundwatcr sampling for redox-rclated parameters. (continued)
Location: 1=creosotc plume, 2=background, 3=landfill leachate plume

Piczo, Date X Y Z | DOby | DOby | SO4 | NO3 | NO2 | CI {Si02] Fe | Mn | NH4] CH4 | Temp | pH | Location
Winkies | Chemet | (mgL) | (mgl) | (mel) | (mgL) | (mgll) | (mgL) | (mgl) | (mgL) | (ppb) | (de8C)

oLl

(mgll) i (mgl)
6N314_| 02-Jun95| 45 a6] 191 1
6N24__ | 26Jun93] 3 26| 048
6N21_ | 02Jun9S] 3 2] 2985 3
6N37__[ 02Jun95| 45 32 3 2
6N&I1_ | 263un93] 6 ) YY)
6N4&T_ | 02Jun 95 6 32 3
6N3-1__| 02Jun95| 45 2| 43| 35
N304 | 14Jun9a] o] -ts| 18] 206 112
6014 | 02jun95] 0 a6] 21 2
6114 | 26Jun93] 15 4618
60- 26Jn93] 0 114
6014 | 14Jun94| 0 46| _oss 10

64-1 26-Jun93] 59
6N27__ | 02un9S] 3
6N27__| 26-Jun93
6NI-14_| 02-Jun9S[ -1.5
EN211_| 26.Jun93

&NS-1__§ 26Jun93] 73
N3-04 | 02-Jun95
6NS4_ 1 02.Jun95] -
6NS51__ | 02-Jun95] -

L]
]
o0 ]oo]in]oofon] oo jowjon]oe]oo]joo]oo]an|injon]cojeo]on]oo]oo|ce
'S
o

LN gl':um & |-
g

-
£ 2]

"d i
alnln]le

F-3
-
-—
~3
(—1
=]
Jeo
winlvwlnivlvobolninlninlwimiopo il |nivivnbviioiv i v vl

N3-0-7 26-Oc1-93 -1.5 3 37 9.88; <0.01 1.94 006} <0.02] 029 1.7
N30-14 | 14-Jun-%4 o] -15] 44 1.85 119
N3-0-14 | 02-Jun-95 O] -15] 44] 1089 1.5 94] 031] <005} 757} 882] <0.05] <0.02] 096 109] 7.31
N3-0-7 14-Jun-94 o] -15 3 303 12] 547] <00l 005] <0.02) 0.15] 03 106} 7.56
N3-0-7 02-Jun-9! o] -15 31 3522 3] 14.1] 596] <0051 292{ 9.69] <0.05] <0.02] 1.14 10.11 7.34
6-N4-1 02-Jun-93 6 8 2 3

4-1 26-Jun-93 6 8] 2 1.53
6-N4-7 26-Jun-93 6 8 32 4.6
6-N44 26-Jun-9: 6 8] 26 11 '
N3-0-1 02-Jun-9* 0] -15] 18] 4612 4] 159]| <005] <00S5] 162] 943] 005] <002] 0.55 164] 7.24
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Table 1. Results of groundwater sampling for redox-related parameters. (continued)
Location: 1=creosote plume, 2=background, 3=land(ill leachatc plume

Piezo, Date X Y Z | DOby | DOby { SO4 | NO3 | NO2 Cl |Si02] Fe Mn | NH4 | CH4 | Tewp | pti | Location

' Winkler | Chemet | (mgL) | (maL) | (mgL) | (meL) | (mgL) | (mgll) | (meL) | (mel) | (ppb) | (g C)
(mgl) | (mg)

6-N5-7__ | 26-Jun93] -7.5 8 32] 238 2
6-N5-4 26-Jun93} 2.5 8] 26 1.74 2
G6-NS-11_§ 26-Jun-93] .7.5 8 4 248 2
6NS9 | 02Jun95] 75| 8] 36 3 2
| Background
mean 2.29932] 2472221 14.096] 2.348] 0.388]4.0367] 9.313] 0.032 0] 0618 11114889] 7.18
[count 47 18 S 5 5 3 3 5 5 S 2 9 )
sd. 1.14637] 0.99221] 3.793|3.0811] 0.8676(3.1282] 0.447] 0.029 0] 0424]0.9899] 1.92058]0.425
min 0.14 1] 988 0 0] 162] 882 0 0] 0.15 03 10.1] 645
max 4612 4] 194] 596 194] 7.57] 969] 006 0] L4 1.7 164] 7.56
23-1-13 [ 1494 2[ 4] 42 o025 279]_1.39]_<00i a.18] <002 <0.1] 146 3
23-1-13 ] 26-Oct-93 2 4 42 0.58 45.1] <0.01 08 0.19] 0.02] <0.05] 16.5 3
23-1-13__|02-Jun95] 2] 4] 42| 0429] 008] 445 <005] <00s| 234| 833 0.53] 004] o4 S0 15[ 732 3
31-1-11 | 02-Jun-95 2] 571 31 051 0.1] 554] 384] <00S| 33.1) 794] 034] <002 045] 17 3
31-1-11 14-Jun-94 2 §7] 38 0.24 3
23-1-11 02-Jun-95 2 41] 38] 03719 0.15] 225] 32.1] <00S] 11.2] 935] 0.19] <0021 03 17 12,71 746 3
31114 [ 02Jun9S] 3| 87| 44| o02)6]  oo8] 122] 033 <00S] 36 83] 164] 006] 052] o 3
31-1-4 [26Jun93] 2 571 44 033 3
31-1-14 4-Jun-94 2 571 44 0.11 7.15 3
23-1-11 | 14-Jun-94 2 4l 38] ot4] o004] 20.i] <001] <00! 008] <002] <0.1 1 3
23-1-11 26-Oc1-93 2 4 38 0.62 19.3] <0.01 0.66 0.05} <0.02] 0.05 6.6 3
9:0-12 | 02-Jun-95 0] 155 S1 0.6 k]
90-13 26-Oct-93 0 5.5) sS4 0.3 82.2] <0.01 0.55 204] 0.1} 007) 212 3
9-0- 26-Oct-93 0] 155] 48 0.53 47.2] <0.01] 061 <0.05{ <0.02] <0.05 17 3
9-0- 02-Jun-98 o] 15S] 48] 0264] 006] 382] 9.14] <00S] 18] 8.58] 0.1] <0.02 04i 13.5] 7.17 3
90-11 4-Jun-94 0] 155] 48 0.34 2361 191] <001 <0.05] <002{ 029] 1709 14.2 3
9:0-14 4-Jun94] o] 155 57| <0.069] 008 152 3
90-14 02-Jun-95 0] 185] 57 0.06 3
90-13 14-Jun-94 ol 15.5] SA4 0.1 3
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Table 1. Results of groundwater sampling for redox-related parameters, (continued)
Location; 1=creosotc plume, 2=background, 3=landfill leachatc plume

Piczo. Date X Y Z | DOby | DOby | SO4 | NO3 | NO2 } CI |SiO2] Fe | Mn | NH4 | CHA | Temp | pH | Location
Winkler | Chemet | (mg/L) | (mg/L) | (mgl) | (mgL) | (mgL) | (meL) | (me/L) | (ma/L) | (ppb) | (deg C)

90-13 02-Jun-95 0] 155] 54 0.06 3
9-0-12 26-Oct-93 0 1s51 5.1 0.74 183] <001} 028 <005} <0.02} <0.05 18 3
4-1-14 14-Jun-94 3 24 56] 012 13.5] 7.16 3
41-11 _} 02-Jun9S 3 4] A7) <0069 006] 809] 03} <005] 388F 889} 3152] 0.1 057] 187 4] 699 3
90-12 14-Jun-94 0f 1551 5.1 04 13.6 3
14-1-14 | 02-Jun-98 3 24) 56 0.06 K]
Landlill Leachate Plume
mesh 0.31467} 0.11917}46.229]59693} 0.205] 26.75] 8.565] 0.633] 0.024] 0.219} 33.508 13.9625]7.208
count 21 12 14 14 14 6 6 14 14 4 i3 8] 6
sd, 0.20383] 0.154] 30.37]12.696] 0.3069110.96110.498] 1.043] 0.039] 0.222} 49.899] 0.82969]0.162
min 0 004] 183 0 0] 112] 794 0 0 0f 18 1271 699
[ max 0.74 06] 122) 384 08] 388] 935] 352] o.11] 057] 187] 152] 746




APPENDIX 12
PLFA AND PLATE COUNTS
METHODS AND RESULTS

Note: references to “wells” in PLFA write-up should be “cores”.
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University of Waterloo: PLFA and rRNA Analysis
September 25, 1995

Summary:

Twenty-one sand samples were analyzed for phospholipid fatty acid and ribosomal RNA
content. All samples contained relatively low biomass diverse microbial communities. It is
apparent from the data that the observed trends in microbial community structure appear to be
due more to a change in depth rather than the concentration of the available carbon source.
However, differences in the level of biomass do appear to be dependant on carbon source
availability, in that higher levels of biomass were detected in samples taken from within the
creosote plume. The relative proportion of microeukaryotes such as fungi and protozoa, appears
to decrease between a depth of 1.4 and 2.0 meters in all wells sampled. Between 2.0 and 2.6
meters a significant increase in the relative proportion of eukaryote PLFA is observed in wells 1
and 2, whereas it appears to remain constant in wells 3 and 4. In general, as the relative
proportion of microeukaryotes changes, an opposing trend in the relative proportion of Gram
positive and Gram negative bacteria is observed.

The relative proportions of PLFA found to be indicative for the presence of obligate
anaerobes (such as sulfate reducing bacteria) and Actinomycete spp. appear to follow the same
pattemandlshxghestat 1.4 meters in well 4, peaks at 1.8 meters in wells 1 and 3 and at 2.0
meters in well 2.

The Gram negative community in well 1 (outside the plume) appear to have a slower turn
over rate and are experiencing less environmental stress from either toxicity or starvation as
compared to wells 2, 3 and 4 (inside the plume).

Due to low biomass no rRNA was detected in any of the samples, therefore, no
conclusions could be drawn regarding changes in cell activity.

Biomass:

The biomass measurement is the quantity of phospholipid fatty acids (PLFA) detected in
the sample. Phospholipids are part of the intact cell membranes, thus the biomass is a measure of
viable or potentially viable cells. As the cell ruptures, Phospholipids are attacked by enzymes
resulting in a diglyceride fatty acid molecule representative of recently dead or lysed
microorganisms.

The cell equivalent value is calculated from experiments with typical bacteria isolated from
soil and water. This is based on 2.0 x 102 cells per gram dry weight of cells and 10* pmols of
phospholipid/gram dry weight of cells. This gives between 1.4 x 10° and 4.0 x 10°* cells per pmol
(10™2) of PLFA. The number of cells/gram of dry weight may vary and is dependant on the
environmental conditions from which the microorganisms were recovered.
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In general, the biomass for samples taken inside the plume is higher than that of samples
taken outside the plume. This result is not surprising due to the availability of a carbon source
(creosote and derivatives) within the plume. The biomass in wells 2 and 3 appear to follow a
similar trend. The level of biomass in both wells increases between 1.4m to 2.0m prior to
decreasing at 2.6m. Well 4 did not follow this observed trend in that the level of biomass in well
4 appears to decrease with increasing depth. Sample 4-1.4-M had the highest biomass of all the
samples analyzed. Due to the low levels of biomass in well 1 no apparent trend could be detected.

Community Structure:

The relative proportion of eukaryote PLFA indicative for the presence of microeukaryotes
such as fungi and protozoa, appears to decrease between a depth of 1.4 and 2.0 meters in all wells
sampled. Between 2.0 and 2.6 meters a significant increase in the relative proportion of
eukaryote PLFA is observed in wells 1 and 2, whereas it appears to remains constant in wells 3
and 4. In general, as the relative proportion of eukaryote PLFA changes an opposing trend in the
relative proportion of terminally branched saturate PLFA and monoenoic PLFA is observed.
Terminally branched saturate PLFA are representative of Gram positive bacteria but may also be
found in the cell membranes of many sulfate reducing bacteria. Monoenoic PLFA are generally
indicative for the presence of Gram negative bacteria.

The relative proportions of branched monoenoic PLFA (indicative for the presence of
obligate anaerobes such as sulfate reducing bacteria) and mid chain branched saturate PLFA
(found in Actinomycete spp., sulfate reducing bacteria and certain Gram positive bacteria) appear
to follow the same pattern. In wells 1 and 3 the relative proportion of both types of PLFA peak
at 1.8 meters. In well 2 the relative proportion of both types of PLFA peak at 2.0 meters. On the
other hand, the relative proportion of both types of PLFA is highest at 1.4 meters in well 4.

It is apparent from the above data that the observed trends in community structure appear
to be due to a change in depth rather than the concentration of the available carbon source.

Metabolic Status:

In Gram negative bacteria, the monoenoics (16:1w7¢c & 18:1w7c) are converted to
cyclopropyl fatty acids (cy17:0 & cy19:0) as microbes move from a log to a stationary phase of
growth (i.c. slowing of growth). This change is expressed in the two ratios cy17:0/16:iw7¢-and
cy19:0/18:1w7¢:~The ratios vary from organism to organism or environment to environment but
" usually will fall within the range of 0.05 (log phase) to 2.5 (stationary phase). When the ratios are
summed the range is from 0.110.5.0. An increase in cyclopropyl formation has also been
associated with anaerobic metabolism.

The summation of the two ratios indicates that the Gram negative community within the
samples from well 1 are in the stationary phase of growth. Furthermore, the Gram negative
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communities in well 1 have a slower turnover rate than those in wells 2,3 and 4, i.e. wells within
the plume. In wells 2, 3 and 4 the tumover rate of the Gram negative community appears to
increase between a depth of 1.4 and 2.0 meters prior to decreasing at 2.6 meters.

Gram negative bacteria make trans fatty acids to modify their cell membranes as
protection toward changes in the environment such as toxicity or starvation. For example, the
bacteria make w7t fatty acids in the presence of toxic pollutants like phenol. Ratios
(16:1w7t/16:1 lw7cand 18:1w7¢/18:1w7c) greater than 0.1 have been shown to indicate the effects
of starvation on bacterial isolates. The range is generally between 0.05 (healthy) to 0.3 (starved),
or 0.1 (healthy) to 0.6 (starved) when the two are summed. Again, these calculations are for
Gram negative bacteria but it is a fair assumption that the results are applicable to the total
community.

The summation of the two ratios indicates that the Gram negative communities within well
1 are experiencing little or no environmental stress from either toxicity or starvation. In contrast,
the Gram negative communities from wells 2, 3 and 4 do appear to be experiencing environmental
stress from either toxicity or starvation. Similar to the trend observed in stationary growth, the
level of environmental stress in wells 2, 3 and 4 appears to decrease between a depth of 1.4 and
2.0 meters prior to increasing at 2.6 meters.

Ribosomal RNA (rRNA)

The levels of biomass for these samples typically fell in the region of 10° cells/gram of dry
sand. The detection limits for rRNA analysis lie at approximately 10° cells/gram of dry sand. No
rRNA was detected within these samples and no conclusions could be drawn regarding changes in
cell activity.
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Microbial Insights. Inc.

Project Name Mark King: University of Waterloo

Date Received 7/21/95

Sample Name
Amount of wet sand
Moisture content
Amount of dry sand
MI identifier

Total Pico moles of PLFA

Data Summary Sheet

picomoles PLFA/g of dry sand
Cells/g of dry sand

picomoles prokaryots PLFA
picomoles sukaryote PLFA
ratio prokaryote/eukaryote

y17:0/16:1w7c
cy19:0/18:1w7¢
Total

16:1w7v/16:1w7¢c
18:1w7t/18:1w?e
Total

wa..mwm-

TerBrSats
Monos
BrMonos
MidBrSats
NSats
Eukaryotes

NA: Not Analyzed
NC: Not Calcuisted
ND: Not Detected

y of Total PLFA)

1-1.4-M
54.62
13.29%
47.36
Loo1.2
455

9.6

1.92E+05

7.5
2.1
4:1

1.94

Q.35
2.29

0.00

.00
0.00

83
17.4
1.0
7.6
43.6
22.2

1-1.6-M
63.88
12.89%
55.65
Loo1.3
988

17.8
3.55E+05
14.9

2.9

5:1

2.49

Q.55
3.04

0.04

Q.00
0.04

113
16.8

1.7
10.7
43.4
16.1

179

1-1.8-M
84.41
14.97%
71.78
Lool.4
1,045

14.6
2.91E+05
13.6

1.0

13:1

19.4
171
2.8
14.0
39.6
6.9

1-2.0-M
76.7
15.39%
64.90
Loo1.5
341

5.3
1.05E+05
5.0

0.3

19:1

3.74

285
4.59

0.00

Q.00
0.00

18.0
21.8
20
9.1
44.1
5.0

1-2.2-M
78.27
15.04%
86.50
Loo1.6
519

7.8
1.56E+05
6.2
1.6
4:1

1 .70

0.52
2.22

0.00

0.00
0.00

10.6
12.9
1.3
5.6
49.6
20.0

1-2.4-M
65.77
13.75%
56.73
Loo1.7
657

11.6
2.32E+05
10.4

1.2

9:1

4.05

Q.78
4.83

0.00

.06
0.06

13.4
20.2
1.8
6.5
47.9
10.0



Microbial Insights. Inc.

Project Name Mark King:

Date Received 7/21/95

e _____________________________ _ _ _________ _ _ _ __ 3
Sample Name 1-2.6-M 2-1.4-M 2-2.0-M 2-2.6-M 3-1.4-M 3-1.6-M
Amount of wet sand 60.64 49.22 62.08 60.08 60.37 60.45
Moisture content 15.59% 15.66% 15.33% 15.567% 16.08% 16.42%
Amount of dry sand 51.18 41.51 52.56 50.73 $0.66 50.52
MI Identifier Loo1.8 Loo1.9 Lo01.10 Lool.11 Loo1.12 Lool1.13
Total Pico moles of PLFA 558 659 2,713 1 501 3 949 1,499
Data Summary Shest

Bioms i

picomoles PLFA/g of dry sand 10.9 15.9 51.6 20.0 18.7 29.7
Cells/g of dry sand 2.18E+05 3.18E+05 1.03E+06 3.99E+05 3.75E+05 5.93E+05
picomoles prokaryote PLFA 9.3 134 49.9 18.6 16.7 26.7
picomoles eukaryote PLFA 1.6 2.5 1.7 1.4 2.0 3.0
ratio prokaryote/eukaryots 6:1 5:1 29:1 20:1 8:1 9:1

Matabsl P

ety
T e rores

cy17:0/16:1w7¢ 2.65 1.03 0.33 0.38 1.42 0.62
cy198:0/18:1w7¢ 0.51 0.29 0.32 0,64 0.44 0.36
Total 3.16 1.31 0.65 1.02 1.86 0.98
16:1w7t/16:1w7¢ 0.00 0.05 0.05 0.04 0.10 0.13
18:1w7t/18:1w7¢ 0.00 0.05 2.01 .03 0.06 0.03
Total 0.00 0.10 0.06 0.07 0.16 0.15
TerBrSats 10.2 12.2 17.4 14.4 13.7 13.0
Monos 12.8 17.4 36.8 35.3 26.5 35.1
BrMonos 1.4 1.4 2.3 1.9 2.0 1.5
MidBrSats 3.8 5.2 8.7 7.0 10.7 9.6
NSats 56.9 48.1 315 345 36.3 30.8
Eukaryotes 14.9 15.7 33 6.8 10.8 10.0

NA: Not Anslyzed
NC: Not Calculsted
ND: Not Detected
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Microbial Insights. inc.
Project Name Mark King:
Date Received 7121195

Sampie Name
Amoaunt of wet sand
Moisture content
Amount of dry sand
MI Identifier

Total Pico moles of PLFA

picomoles
Cells/g of dry sand
picomoles prokaryote PLFA
picomoles sukaryote PLFA
ratio prokaryote/eukaryote

cy17:0/16:1w7¢c
cy19:0/18:1w7¢
Total

16:1w7t/16:1w7¢c
18:1w7t/18:1w7¢c
Total

% of Total PL

Monos
BrMonos
MidBrSats
NSats
Eukaryotes

NA: Not Analyzed
NC: Not Caiculated
ND: Not Detected

3-1.8-M
60.99
17.08%
50.57
Lool.14
2,018

39.9
7.98E+0S
38.0

1.9

20:1

0.66

Q.48
1.14

0.09

0.06
0.14

17.8
32.0
2.3
13.4
29.9
4.7

3-2.0-M

47.56
15.11%
40.38
Loo1.15
1,802

47.1
9.42E+05
44.8

2.3

19:1

0.32

229
0.61

0.03

001
0.04

13.9
39.4
1.7
8.0
32.2
4.9
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3-2.2-M
60.12
16.59%
50.14
Loo1.16
779

15.5
3.11E+05
14.2

1.3

11:1

0.40

.54
0.95

0.10

.00
0.10

16.1
27.2
2.0
9.3
37.1
8.3

3-2.4-M
61.06
15.99%
51.29
Loo1.17
1,040

20.3
4.0S5E+05
19.7

0.5

36:1

0.23

0.93
1.16

0.08

.07
0.15

20.0
33.6
2.2
8.3
33.1
2.7

3-2.6-M
47.48
15.89%
39.93
Loot.18
1,188

29.8
5.95E+05
28.5

1.2

23:1

0.45

Q.51
0.96

0.07

.06
0.13

15.2
30.1
1.9
7.1
41.8
4.2

4-1.4-M
42.61
17.39%
35.20
Loo1.19
3,216

91.4
1.83E+06
81.8

9.6

9:1

0.99

9.74
1.73

0.04

.00
0.09

17.6
29.5

3.1
12.0
27.2
10.5



Microbial Insights. Inc.
Project Name Mark King:
Date Received 7/21/95

Sample Name 4-2.0-M 4-2.6-M Filter blank
Amount of wet sand $2.00 50.9 -
Moisture content 16.13% 16.22% -
Amount of dry sand 43.61 42.64 -
MI identifier Lo01.20 Lool.21 Lool.1
Total Pico moles of PLFA 3.054 1,319 178
Data Summary Sheet
picomoles PLFA/g of dry sand 70.0 30.9 NC
Cells/g of dry sand 1.40E+06 6.19E+05 NC
picomoles-prokaryote PLFA 65.8 29.1 NC
picomoles sukaryote PLFA 4.3 1.8 NC
ratio prokaryote/eukaryots 15:1 16:1 NC
ey17:0/168:1w7¢ 0.20 0.34 1.93
cy19:0/18:1w7¢ Q.18 0.60 0.85
Total 0.35 0.94 2.78
16:1w7t/16:1w7¢c 0.02 0.10 0.00
18:1w7t/18:1w7¢ 0.00 0.05 0.00
Total 0.02 0.16 0.00
TerBrSats 11.6 13.8 2.8
Monos 40.5 36.0 83
BrMonos 1.3 2.1 0.0
MidBrSats 5.4 8.3 1.6
NSats 35.0 33.7 67.7
Eukaryotes 6.1 5.9 19.7

NA: Not Analyzed
NC: Not Calculated
ND: Not Detected
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Microbial Insights. Inc.

Project Name Mark King: University of Waterioo

Date Received 7/21/95
e _ 3
Sample Name 1-1.4-M 1-1.6-M 1-1.8-M 1-2.0-M 1-2.2-M 1-2.4-M
Amount of wet sand 54.62 63.88 84.41 76.7 78.27 65.77
Moisture content 13.29% 12.89% 14.97% 15.39% 15.04% 13.75%
Amount of dry sand 47.36 55.65 71.78 64.90 66.50 56.73
MI Identifier Loo1.2 Loo1.3 Loo1.4 Loo1.5 Lool.6 Lool.7
Total Pico moles of PLFA 455 988 1,045 341 519 657
Analytical Report

Terminally Branched Saturates (TerBrSats)

i14:0 13.664 0.2 0.0 0.0 0.0 0.0 0.0
i15:0 14.643 13 3.2 8.1 5.8 3.8 4.1
a15:0 14.721 1.7 3.2 6.2 5.6 34 3.3
i16:0 15.628 1.2 2.0 3.1 3.3 1.7 3.1
i17:0 16.630 1.2 1.1 1.7 1.2 0.6 1.2
a17:0 16.704 1.8 1.5 2.0 1.5 1.1 1.3
i18:0 17.639 0.8 0.3 0.5 0.5 0.0 05
8.3 1.3 19.4 18.0 10.6 134
Monaenoics {(Monos)
16:1w9c 15.702 0.6 1.0 1.5 1.4 0.0 1.1
16:1w7c 15.739 2.9 2.7 2.5 2.6 3.0 24
16:1w7t 15.776 0.0 0.1 0.1 0.0 0.0 0.0
16:1w5¢ 15.851 0.7 0.7 0.9 0.8 0.5 0.6
cy17:0 16.816 5.6 6.8 6.8 9.9 5.1 9.7
17:1 17.114 0.6 0.6 0.9 0.8 0.5 0.5
18:1w7c 12.752 5.0 3.1 2.5 3.2 24 3.2
18:1w7t 17.808 0.0 0.0 0.0 0.0 0.0 0.2
18:1wbc 17.864 0.2 0.1 0.1 04 0.2 0.0
cy19:0 . 18.818 1.8 17 18 22 1.2 2.5
174 16.8 171 21.8 129 20.2
Branched Monoenoics (BrMonos)
i15:1 14.447 0.0 0.4 1.0 0.5 0.6 0.6
a15:1 14.525 0.0 0.4 0.5 0.3 0.0 0.3
i17:1w7¢ 16.333 0.7 0.7 1.1 1.0 0.7 0.8
br19:1 18.091 04 02 Q3 02 00 Q.0
1.0 1.7 2.8 20 1.3 1.8
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Microbial Insights. Inc.

Project Name Mark King: University of Waterloo
Date Received 7/21/95
Sample Name 1-1.4-M 1-1.6-M 1-1.8-M 1-2.0-M 1-2.2-M 1-2.4-M
Amount of wet sand 54.62 63.88 84.41 76.7 78.27 65.77
Moisture content 13.29% 12.89% 14.97% 15.39% 15.08% 13.75%
Amount of dry sand 47.36 55.65 71.78 64.90 66.50 56.73
MI Identifier Loo1.2 Loo1.3 Lootl.4 Lool.5 Loo1.6 Loo1.7
Totai Pico moies of PLFA 455 988 1,045 341 519 657
Mid-Chain Branched Saturatss (MidBrSats)
br16:0 16.037 0.6 1.2 1.2 0.6 0.3 0.8
10me16:0 16.445 3.9 6.5 8.7 5.3 34 3.5
br17:0 17.039 1.1 1.1 1.8 1.2 0.7 0.7
10me18:0 18.397 1.9 2.0 2.4 2.1 12 1.5
7.6 10.7 14.0 9.1 5.6 6.5
Normal Saturates (NSats)
12:0 12.131 0.0 0.1 2.3 2.7 1.4 2.5
14:0 14.016 0.5 1.6 3.6 4.5 4.2 24
15:0 14.995 0.3 0.7 0.9 0.8 0.9 0.6
16:0 15.999 26.0 30.1 26.1 30.1 33.9 30.7
17:0 17.001 1.0 0.8 0.8 0.6 0.8 0.8
18:0 17.976 15.8 10.2 858 5.4 84 10.8
43.6 43.4 39.6 44.1 49.6 47.9
Eukaryotes :
18:3w3 17.489 0.3 0.2 0.3 0.2 0.2 0.2
18:4w6 17.526 0.3 0.8 0.2 0.2 5.2 0.6
18:2w6 17.601 2.4 0.4 0.2 0.0 0.4 0.6
18:1w9c 17.677 13.9 2. 1. 1.2 1.6 20
20:1 . 19.482 1.6 5.4 1.8 1.2 7.3 2.8
20:0 19.994 1.2 0.8 0.6 0.6 0.7 0.8
21:1 20.730 0.2 0.9 03 0.1 13 0.7
21:1 20.975 0.7 0.5 0.5 0.7 0.5 0.5
UNK PLFA 21.604 0.5 3.7 04 0.4 1.8 1.2
22:0 21.981 0.7 0.8 0.5 0.3 0.7 0.4
24:0 23.986 04 04 Q3 0.0 0.4 0.2
: 22.2 18.1 6.9 5.0 20.0 10.0
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Microbial insights. Inc.

Project Name Mark King:

Date Received 7/21/95

Sample Name 1-2.6-M 2-1.4-M 2-2.0-M 2-2.6-M 3-1.4-M  3-1.6-M
Amount of wet sand - 60.64 49.22 62.08 60.08 60.37 60.45
Moisture content 15.59% 15.66% 15.33% 15.57% 16.08% 16.42%
Amount of dry sand 51.18 41.51 52.56 50.73 50.66 50.52
M Identifier Loo1.8 Loo1.9 Loo1.10 Lool.11 Lool1.12 Lool.13
Total Pico moles of PLFA 558 659 2,713 1,013 949 1,499

Analytical Report

Terminally Branched Saturates (TerBr

i14:0 13.664 0.0 0.0 0.0 0.2 0.3 0.4
i15:0 14.643 3.6 4.6 7.5 6.9 3.9 4.0
a15:0 14.721 3.1 3.4 4.8 3.0 3.3 3.2
i16:0 15.628 1.7 1.8 2.3 1.6 2.5 2.0
i17:0 16.630 0.6 0.8 1.2 1.0 1.4 1.5
a17:0 16.704 0.9 1.2 1.5 1.5 1.7 1.5
i18:0 17.639 02 0.4 02 0.2 0.6 0.3
10.2 12.2 174 144 13.7 13.0
Monoenoics (Monos)
16:1wlc 15.702 0.7 1.0 1.4 1.2 1.4 1.3
16:1w7¢ 15.739 2.1 4.7 18.6 17.8 5.8 12.9
16:1w7t 15.776 0.0 0.2 0.9 0.7 0.6 1.6
16:1w5h¢c 15.851 0.4 1.0 2.1 2.8 1.4 1.6
cy17:0 16.816 5.5 4.9 6.1 6.7 8.3 8.0
17:1 17.114 0.4 0.4 0.5 0.3 0.6 0.5
18:1w7¢c ' 17.752 2.3 3.8 5.1 3.5 5.5 6.4
18:1w7t 17.808 0.0 0.2 0.1 0.1 0.3 0.2
18:1w5¢c 17.864 0.2 0.0 0.2 0.1 0.3 0.3
cy19:0 18.818 1.2 1.1 1.2 2.3 24 2.3
12.8 17.4 36.8 35.3 28.5 35.1

Branched Monoenoics (BrMonos)

i15:1 14.447 0.7 0.3 0.6 0.3 0.4 0.2
a15:1 14.525 0.0 0.2 0.6 03 0.2 0.2
i17:1w7¢ 16.333 0.7 0.8 1.1 1.1 1.1 1.0
br19:1 18.091 0.0 0.1 0.1 0.1 03 0.1

1.4 14 2.3 1.9 2.0 1.5
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Microbial Insights. Inc.
Project Name Mark King:
Date Received 7/21/95

Sample Name
Amount of wet sand
Moisture content
Amount of dry sand
Ml Identifier

Total Pico moles of PLFA

Mid-Chain Branched Saturates {MidBr

br16:0 16.037
10me16:0 16.445
br17:0 17.039
10me18:0 18.397
Normal Saturates (NSats)

12:0 12.131
14:0 14.016
15:0 14.995
16:0 15.999
17:0 17.001
18:0 17.976
Eukaryotes

18:3w3 17.489
18:4w6 17.526
18:2w6 17.601
18:1w9c 17.677
20:1 19.482
20:0 19.994
21:1 20.730
21:1 20.975
UNK PLFA 21.604
22:0 21.981
24:0 23.986

1-2.6-M

60.64

15.59%
51.18

Loo1.8

0.3
2.3
0.5

0.8
38

2.7
4.7
1.0
40.0
0.

L6
56.9

0.3
0.0
0.0
1.0
8.3
0.5
1.5
0.3
2.0
0.7

0.3
14.9

2-1.4-M

49.22

15.66%
41.51
Loo1.9

6859

0.3
3.1
007

1Ll
5.2

3.7
3.1
0.8
32.8
0.8

69
48.1

0.3
0.4
0.3
2.1
6.9
0.8
1.3
0.4
1.7
1.0

25
156.7
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2-2.0-M
62.08

15.33% -

52.56
Lo01.10
2,713

2-2.6-M 3-1.4-M  3-1.6-M
60.08 60.37 60.45
1557% 16.08% 16.42%
50.73 50.66 50.52
Loo1.11 Lool.12 Lool.13
1,013 849 1,499
0.0 1.2 0.8
5.2 54 54
0.8 1.3 1.0
1.0 2.8 2.3
7.0 10.7 9.6
0.0 0.0 0.2
0.0 1.2 0.0
0.9 0.7 0.6
28.2 26.4 245
0.7 1.1 0.8
4.7 9 4.7
34.5 36.3 30.8
0.1 0.8 0.1
0.2 0. 3.2
0.0 0.7 0.4
1.0 3.8 2.6
24 1.7 1.0
0.6 0.8 0.7
0.4 04 0.3
0.6 0.6 0.7
0.9 0.6 0.3
0.5 0.5 0.4
0.2 0.4 Q.2
6.8 10.8 10.0



Microbial insights. Inc.

Project Name Mark King:

Date Received 7/21/9%

Sample Name 3-1.8M 3-2.0-M 3-2.2-M 3-2.4-M 3-2.6-M 4-1.4-M
Amount of wet sand 60.99 47.56 60.12 61.06 47.48 42.61
Moisture content 17.08% 15.11% 16.59% 15.99% 15.89% 17.39%
Amount of dry sand 50.57 40.38 50.14 51.29 39.93 35.20
MI Identifier Lool1.14 Loo1.15 Loo1.16 Loo1.17 Lool1l.18 Lool.19
Total Pico moles of PLFA 2,018 1,902 779 1,040 1,188 3,216

Analytical Report

Terminally Branched Saturates (TerBr

i14:0 13.664 1.1 0.8 0.0 0.6 0.6 0.0
i15:0 14.643 6.0 6.0 8.2 11.1 6.7 5.8
als:0 14.721 4.7 3.1 34 4.0 3.6 4.8
i16:0 15.628 2.4 2.0 1.7 1.5 1.7 2.1
i17:0 16.630 1.5 1.1 1.4 1.2 1.1 1.7
al7:0 16.704 1.8 1.2 1.4 1.5 1.4 2.4
i18:0 17.639 Q3 0.1 Q.0 0.0 0.0 08
17.8 13.9 18.1 20.0 18.2 17.6
Monoenoics {(Monos)
16:1w9c 15.702 1.6 1.0 0.9 1.3 1.4 1.8
16:1w7¢ . 15.739 124 20.6 12.3 18.8 14.0 5.8
16:1w7t 15.776 1.1 0.5 1.2 1.4 1.0 0.3
16:1wbe 15.851 1.9 1.9 2.4 3.4 2.6 2.1
cy17:0 16.816 8.2 6.5 5.0 4.3 6.3 5.7
17:1 17.114 0.5 0.3 0. 0.4 0.3 0.7
18:1w7¢ 17.782 4.0 6.4 2.6 2.0 2.9 7.0
18:1w7t 17.808 0.2 0.1 0.0 0.1 0.2 0.3
18:1wS¢c 17.864 03 0.2 1.1 0.0 0.0 0.7
cy19:0 18.818 1.9 1.9 h I} 1.8 15 8.2
' 32.0 394 272.2 33.6 30.1 29.5

Branched Monoenoics (BrMonos)

i16:1 14.447 0.5 0.4 0.3 0.5 0.4 0.5
a15:1 14.525 0.5 03 0.5 0.4 0.3 0.4
i17:1w7¢ 16.333 1.2 0.9 0.9 1.1 1.1 1.8
br19:1 18.091 0.2 [/ § 04 02 01 0.5

N
N
-
(-}
W
-

1 '7 2.0

N
w
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Microbial Insights. Inc.

Project Name
Date Received

Sample Name
Amount of wet sand
Moisture content
Amount of dry sand
MI Identifier

Total Pico moles of PLFA

Mark King:
7/21/95

Mid-Chain Branched Saturates (MidBr

br16:0
10me16:0
br17:0
10me18:0

Normal Saturates (NSats)
12:0
14:0
15:0
16:0
17:0
18:0

Eukaryotes
18:3w3
18:4w6
18:2wb

16.037
16.445
17.039
18.397

12.131
14.016
14.995
15.999
17.001
17.976

17.489
17.526
17.601
17.677
19.482
19.994
20.730
20.975
21.604
21.981
23.986

3-1.8-M  3-2.0-M

60.99 47.56
17.08% 15.11%
50.57 40.38
Loo1.14  Loo1.15
2,018 1,902
1.0 0.6
9.1 5.5
1.2 0.7
a1 13
134 8.0
0.1 0.1
2.0 1.6
0.6 0.7
23.1 25.9
0.7 0.6
2.3 L3
29.9 32.2
0.2 0.1
0.0 0.0
0.1 0.1
23 1.3
0.3 1.4
0.5 0.4
0.1 0.3
0.5 0.6
0.3 0.4
0.2 0.3
Q1 2.0
4.7 4.9
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3-2.2-M
60.12
16.59%
50.14
Loo1.16
779

24
5.1
0.8

1.0
9.3

0.7
1.8
0.7
28.4
1.1

45
37.1

3-2.4-M
61.06
15.99%
51.29
Loo1.17
1,040

0.7
6.1
0.8

Q7
8.3

6.2
3.1
1.0
20.5
0.6

1.6
33.1

0.0
0.3
0.0
0.6
0.0
0.5
0.1
0.7
0.0
0.3

Q2
2.7

3-2.6-M
47.48

15.89%
39.93

Loo1.18
1,188

0.6
5.3
0.5

2.6
7.1

1.4
2.9
1.1

0.0
0.0
03
1.3
0.9
0.3
0.2
0.5
03
0.3

4.2

4-1.4-M
42.61
17.39%
35.20
Lool.19
3,216

SN
Lo

0.6
0.6
1.3
4.5
0.9
0.6
0.2
0.6
0.2
0.6

10.5



Microbial Insights. Inc.

Project Name
Date Received

Sample Name
Amount of wet sand
Moisture content
Amount of dry sand
Ml Identifier

Total Pico moles of PLFA

Analytical Report

Mark King:
7/21/95

Terminally Branched Saturates (TerBr

i14:0
i15:0
a15:0
i16:0
i17:0
al7:0
i18:0

Monoenoics (Monos)
16:1w9¢c
16:1w7¢c
16:1w7t
16:1w5b¢c
cy17:0
171
18:1w7c
18:1w7t
18:1whe¢
cy19:0

13.664
14.643
14.721
15.628
16.630
16.704
17.639

15.702
15.739
15.776
15.851
16.816
17.114
12.752
17.808
17.864
18.818

Branched Monoenoics (BrMonos)

i15:1
a15:1
i17:1w7¢
br19:1

14.447
14.525
16.333
18.091

4-2.0-M
52.00
16.13%
43.61
Loo1.20
3,054

0.0
5.2
3.2
1.3
0.7
1.0

11.6

0.8
23.7
0.5
1.6
4.9
0.3
7.6
0.0
0.1

40.5

03
03
0.7

13

4-2.6-M Filter blank

50.9
16.22%
42.64
Loo1.21

1,319

0.2

=99
-t

“E

189

Loo1.1
178

0.7
0.7
0.0
0.9
0.6
0.0

2.8

0.0
1.6
0.0
0.0
3.0
0.5
13
0.0
0.7

8.3

0.0
0.0
0.0

o.o



Microbial Insights. Inc.
Project Name Mark King:
Date Received 7/21/85

Sample Name
Amount of wet sand
Moisture content
Amount of dry sand
MI identifier

Total Pico moles of PLFA

Mid-Chain Branched Saturates (MidBr

br16:0 16.037
10me16:0 16.445
br17:0 17.039
10me18:0 18.397

Normal Saturates (NSats)

12:0 12.131
14:0 14.016
15:0 14.995
16:0 15.999
17:0 17.001
18:0 17.976
Eukaryotes

18:3w3 17.489
18:4w6 17.526
18:2w6 17.601
18:1w9¢ 17.677
20:1 19.482
20:0 19.994
21:1 20.730
21:1 20.975
UNK PLFA 21.604
22:0 21.981
24:0 23.986

4-2.0-M
52.00
16.13%
43.61
Loo1.20
3,054

0.4
3.6
0.6

0.8
5.4

2.7
1.5
0.7
26.7
0.5.

2.0
35.0

0.1
0.1
0.3
13
2.2
0.4
0.4
0.3
0.6
0.3

4-2.6-M Filter blank

50.9
16.22%
42.64
Loo1.21
1,319

0.5
6.3
0.6

Q3
8.3

2.9
24
1.0
24.0
0.7

27
33.7

0.1
0.2
0.2
1.3
1.4
0.6
0.5
0.7
0.5
0.5

190

Loo1.1
178

1.6
0.0
0.0
2.0
1.8

0.7
2.8
0.8
42.9
1.9

185
67.7

0.9
1.6
1.5
2.5
7.0
0.9
1.2
0.0
2.8
1.

2.0
19.7



Microbial Insights, Inc.
Quality Assurance Report

Company: Mark King, University of Waterloo
Twenty-one sand samples were received on 7/21/95. These samples were analyzed for
PLFA and rRNA content.

These samples were analyzed under the U.S. EPA Good Laboratory Practice Standards;
Toxic Substances Control Act (40 CFR part 790).

All instruments used in the analysis were calibrated and operated within acceptable
ranges. The instruments were calibrated according to Microbial Insights, Inc. Standard
Operating Procedures (SOP) EQ1.

wonD r I of the analysis Instrument calibration occurred 5/25/95
g TV il f&%

Phase/II consisted of the processing of samples according to sop's
HPGC1. Inspection of Phase II occurred on 8/17/95 by:__ ~
The following solvents were used during the analysis and free of contamination.

\

Chloroform Lot #s BK402

Methanol Lot #'s BJ946

Acetone Lot #'s BJ534

HyO Buffer Lot#  PB0049

All data generated through this analysis was acceptable
All required analysis holding times were met.

Samples arrival conditions were acceptable.

No QC or analytical problems were encountered.
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PLATE COUNT METHODS
(analysis and write-up by Dr. Barb Butler)

Aliquots of sand samples that were analyzed by Microbial Insights for PLFA were also analyzed
for total plate counts. As part of this analysis moisture content was also determined. Triplicate
samples of wet sand were dispensed into pre-dried aluminum pans, weighed, then dried overnight
at 100°C and reweighed. Mean values were as follows.

Sample Moisture content (%) standard deviation
2-14 15.99 0.08
1-2.0 16.05 0.32
2-2.6 15.22 0.08
3-14 17.07 0.20
3-2.0 15.18 0.33
3-2.6 15.98 0.06
4-1.4 17.08 0.58
4-2.0 16.16 0.28
4-2.6 16.13 0.11

To determine plate counts, a suspension of 10 g (wet wt) of sand in 90 mL of 0.1%
Na,P,0,10H,0 (pH 7.0) was shaken for 10 min on an orbital shaker operating at 400 rpm, then
diluted in phosphate-buffered saline (1.18 g Na,HPO,, 0.22g NaH,PO,H,0, 8.5 g NaCl per L, pH
7.0) and spread on plates of R2A medium. Triplicate plates were prepared for each dilution.
Plates were incubated aerobically at 10°C and counts were made at 40 days and are reported as
colony forming units (CFUs)/g dwt in the following:

Sample CFU/a s.d.
2-14 1.1x10° 2.1x10°
2-20 4.1x10* 1.3x10°
2-2.6 3.9x10* 2.0x10*
3-14 1.3x10* 1.0x10°
3-2.0 1.2x10* -
3-26 2.4x10¥ 1.9x10®
4-14 6.9x10° 3.5x10°
4-2.0 2.2x10* 3.9x10°
4-2.6 1.2x10° 0

* estimate; some/all plates had fewer than 30 colonies
results are mean of triplicate plates, except 3-2.0: only two plates available due to lab accident
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APPENDIX 13

AROMATIC ACIDS RESULTS

BACKGROUND

A set of groundwater samples was collected on September 22, 1995, to evaluate for the presence
of organic metabolites due to plume biodegradation. Aromatic acids were analyzed at the
National Center for Bioremediation Research and Development at the University of Michigan
under the supervision of Dr. Jiasong Fang, and using methodology described by Barcelona et al.
(1995). Aromatic acid results are provided in Table 1 and associated dissolved creosote
compound results are provided in Table 2.
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Table 1. Aromatic acid results for groundwater samples collected September 22, 1995;
concentrations in ug/L.

Location: N3O | N3-0 | SS12 | ss&7 | ss27 o1 91 | 91 | 181 |Procedure
Depth (m below grade): 180 | 300 | 2903 | 240 330 180 | 240 | 360 | 320 | blamk

Berzoic acid 6] 4997] 3658 s204] 052883] 5324| 18.14] 2586] 1985 0
2-Methyibenzoic scid o] 748 o 292 o 3@ 0 o] ass 0
[Methyl saficyiate 2182| 9336 0 0| _2160.56] _ 337|2494.39] 232.52| 1299.73 0
3-Methylbenzoic acid o 1277] 1686] 297.56] s471.46 o _1104] sou8] 2313 0
4-Methylbenzoic scid 263] 143] _16.16] 333.16 0 o 1236] 1567 183 0
2.6-Dimethyibenzoic acid__ of 20541 904 0 0 0] 66981 275] 2724 0
2.5-Dimethyibenzoic acid 339] 2559|1057 0 o s78| 785 201 1119 0
2.3/+3.5-Dimethyibenzoic acid 0] 3295] 2493 0 0 )| _4558] 802 s7.13 0
24.6-Tri ic scid 0 0 0 0 0 0 0 0 0 0
3.4-Dimethylbenzoic acid 263| 2142| 3443] 6636] 1145.15| 6213] 3723 99| 5252 0

Table 2. Dissolved creosote results for groundwater samples collected September 22,
1995 concentrations in ug/L.

Locstion: N30 | N30 | SSI2 §s27 §827 9-1 9-1 9-1 18-1
Depth (m below grade): 180 | 3.00 2.93 2.40 330 1.80 240 | 3.60 3.20
| m-Xylene 0 0 132 0 0 o] 1176 0
phenol 0 0 0 0 0 0 0 0 0
o-cresol 0 ! 0 0 0 0 0 0
0 0 0 0 0 0 0 0
2,6-dmp 0 0 0 0 0 0 0 0 0
2.4+2.5-dmp 0 0 0 0 0 0 0 0
2.3-dmp 0 0 0 0 0 0 0 0
3.5-dmp 0 0 0 0 0 0 0 1] 0
naphthajene 0 0 6682 329: 679 ol 3037] 8760] 60350
[indole+2-m.zaph 0 ol 13%0 46 2 [ 20 849 0
| 1-m.naph 0 0 562 256 80 0 386 376 0
| biphenvi 0 0 255 122 37 0 2 41 0
acenaphthviene 0 0 0 9 0 0 0 0 0
acenaphthene 9 0] 1201 380 279 ol 2521 266 0
dibenzofuran 0 0 650 355 169 0 0 0 0
fluorene 0 0 347 159 73 0 0 0 1]
phenanthrene 0 0 258 0 0 [1] 0 0 0
anthracene 0 0 0 0 0 0 0 0 0
carbazole 0 0 375 118 1] 0 D 0 !
fluoranthene 0 0 24 0 0 0 0 0 0
| pyrene 0 0 20 0 0 0 0 0 0

Note: see Appendix 4 for Desection Limits
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APPENDIX 14

BIO3D INPUT FILES

BACKGROUND

The program BIO3D was used to model a plume resembling that of dibenzofuran at the field site
under two different conditions:1) solute does not degrade and 2) solute degradation is essentially
instaneous in the presence of oxygen. The input file for these analyses is provided as Tables 1,
and results are shown graphically in Figure 5.2, in the main body of this document. The BIO3D
source code is available from one of the developers: John Molson, University of Waterloo, Earth

Science Department.
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Table 1. BIO3D data input file to simulate aerobic biodegradation of dibenzofuran at the field
site, assuming that dibenzofuran is the only compound present. For simulation of a non-
biodegrading solute, the oxygen concentration below which biodegradation no longer occurs
(THRESHOLD - O) was set above background dissolved oxygen (>2.5 mg/L).

0 KPRT
70 90 1 1 NEX,NEY,NEZ,# of substrates
49 18.0 1.70 XL,YL,ZL
0 00 00O ;source node ranges
1 00 00O ;BOUNDARY TYPE CODES
11 334 1 2 0400+ :boundary patch 1
11 48 57 1 2 0400 -1 ;boundary patch 2
0 0.9078E-01 0.0635E-01 0.0E-01 4. JIVOPT,VX,VY,VZ ROTA (nvd)
3.6E-01 3.9E-02 0.1E-10 7.5E-10 ;AL ATHATV,.DD
DBF ;utils,uhs,uho,ros,ym,res,uibs,uins
0.03 001 001 2.57 0.0 467 0.00 040 :substratel terms
1. 1000. 0.00e-10 :RETO,retm,bm
000 .33 00 00 ;B,PORM,PORS, DPW(DUAL-P)
1.0 1.0 ;UNDER-RELAXATION:ORG,0XY
25 0.07 ;:BACKGROUND CONC. oxy-M
25 0.07 ;INIT.SOUR.CONC. oxy-M
000 000 ;threshold S-O
0 0 0 0 000 000 -1 ;VARIABLE SUB BACKG
0 0 0 0 000 000 -1 ;VARIABLE OXY BACKG
0 0 ;RESTART/FLOAT DT? 0=NO
00 6260 .5 1252 999 +1 ;T0,T1,DT,KTIME,KMOM (days)
0 0.0 -KVREAD,ROTA
0.0010 001 10 ;TOLS,TOLO, iter
00 00 0O -1 ;source: i1,i2,j1,52,k1,k2
00 00 0.0.0. -1 ;sink: 1,j,k1,k2,PQ,cs,co
6260 1008 .5 764 999 +1 ;T0,T1,DT KTIME, KMOM (days)
0 00 ;KVREAD,ROTA
0.0010 0.01 10 ;TOLS,TOLO, iter
00 00 OO -1 ;source: il,i2,j1,j2. k1,k2
00 00 0.0. 0. -1 ;sink: i.j,k1,k2,PQ,cs,co
1008.0 20550 .5 698 999-1 ;T0,T1,DT KTIME , KMOM (days)
0 00 ;KVREAD,ROTA
0.0010 001 10 ;TOLS,TOLO, iter
00 00 OO -1 ;source: il,i2,j1,j2,k1,k2
00 00 0.0.0. -1 ;sink: i,j,k1,k2 PQ,cs,co
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