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This work uses volatile halocarbons in a pulp mill effluent, including
.chloroform, bromodichloromethane, tri- and tetrachloroethylene, as tracers

for the distribution and movements of effluent currents in a receiving water
bay on the north shore of Lake Superior. The results indicate the simplicity -
and usefulness of the technique and the significantly improved resolution of
effluent plume delineation over the customary use of conductance prof iles.

In the specific case at hand, the distribution patterns of chloroform and a

brominated analog, bromodichloromethane, also suggest the release of
chloroform from sediments in the bay
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Abstract - This work descnbes the use of volatlle halocarbons m a pulp mill effluent, mcludmg
chloroform, bromodichloromethane, tri- and tetrachloroethylene as tracers for the distribution and -
movements of effluent currents in a receiving water bay (Jackﬁsh Bay, Lake Superior) on the north
shore of Lake Superior. The results indicate the simplicity and usefulness of the t‘echnidue and the
significantly improved resolution of effluent plume deiineation over the customary use of
conductance profiles. '

In the specific case at hand the dlstrlbutlon patterns of chloroform and a brominated analog,

bromodichloromethane, also suggest the release of chloiroform from sedxments in the bay

Keywords - Chloroform Bromodichloromethane Tracers  Pulp mill,

. INTRODUCTION _y
Bleaching methods for ptxlpand paper f requently use elemental chlo;ine which leads'to the
formation of a variety of chlorinated materials. The compounds formed are both low moleculaf»we'ight
chleto-methane/ethane products such as chloroform and their higher molecular we‘ight polar

~ precursors.

Chloroform has been shown to be a useful tracer of chlorinated effluents into oceans [1]. In

! To whom correspondence should be ‘addressed.
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_addition, previous studies [2-6] have. demonstrated the sensitivity and application of volatile
halocarbon fingerprints to determine contaminant sources and differentiate water masses and plume
-drspers:ons in lakes, bays and rivers. In other work, a common association of chloroethylenes, carbon
tetrachloride and chlorof orm with polychlormated brphenyls (PCB), polynuclear aromatic
hydrocarbons (PAH) and certain metals has been shown [7]. As volatile halocarbons serve as excellent
tracers of industrial effluent plumes in lakes and rivers, it was expected that they would also be useful

‘to track pulp mill ef fluents in receiving waters such as »Jackfxsh Bay, Lake Superior.

Jackfish Bay currently reee‘ives on average, 94,000 m3/day of bleached kraft mill ef fluent
whrch constrtutes 65- 90% of the flow of Blackbrrd Creek and originates near Terrace Bay, Ontario,
some 14 km from the creek’s discharge into Moberly Bay. Mrll operatron began in 1949 as an
unbleached kraf t process which discharged untreated effluent. Cold bleachrng was introduced in 1959
which was converted into a fully hot bleached two=11ne kraft mill, in 1972. The bleaching process
atilized chlonne gas which was produced on site until 1t was discontinued in 1978 [8]. At that nme
several technical rmprovements weére mstalled mcludmg primary effluent treatment by passage

through two clarifying reactors..

' Eeginning with September 1989, the effiuent stream receives secondary aeration and lagoon

1mpoundment whrch compnses three cells utrhzrng aerobic mrcroorgamsms to degrade organic
' matter, and which provrdes a8-12 day retention trme of the mill effluent. Daily solid discharges prior
to 1989 which were reported at >5800 kg TSS, subsequently declined to 4000 kg after secondary
treatment. The installation of secondary treatment eliminated most of .the then docdmented acute toxic
effects of the effluent, however there is insufficient mf ormation to conclude whether the treatment
also removes any _causative agents responsible for sublethal biological effects. '

One major concern [9-111 has been the observatron of no significant rmprovement in the
mixed-f unctron oxidase activity:(MFO).in fish with 1mprovrng physical conditions in Jackfish Bay.
'. Hepatrc ethoxyresof urin-o- -deethylase (EROD) actrvrtres in longnose sucker, white sucker and ’
: whrtef ish were still induced one year after startup of secondary treatment and’two weeks after mill

shutdown. EROD activities were reduced after short=term shutdowns indicating that the causative
agents may be more raprdly removed from fish tissues than prevxously expected Spatral and specres

vanatrons in EROD actrvrty were observed whrch also could not be readily explamed

In Terrace Bay, chloroform originates from two treatment steps, the chlori_nation of the town’s

intake water which also supplies the mill and the chlorine based bleaching process. Chloroform
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concentrations measured in 1989 raw and treated lake water at the Terrace Bay pumphouse were 2.4
and 21 pg/'L, .respectivel‘y (P. Jordan, Ministry of the EnVironment, ‘Thunder Bay, personal
communication 1993). These levels are s‘everalb orders of magnitude higher than what can easily be
- determined with the headspace miethod [12). Mereover, they have been shown to be percerved by fish-
-{13], and longer term exposure to certam volatile chlorocarbons has shown to be toxic to some fish

species at low ug/L levels [14, 15].

EXPERIMENTAL
October of 1991. During August, the survey encountered an elevated conduclnvrty plume we_dged
between the 6 to 8 m depth of the basin. Samples were collected at this depth for stations which had ’
" elevated conductivity readings. This rvedge was not bbserved‘in the October survey. Sampie’s were
collected between the eVening of August 20 to the mid-af ternoon of August 22 within a span of 45 _
_hours. In the fall, samples were collected from October 21 to 23, 1991. The sites sampled during the
two surveys and the bay’s bathymetry are described in Fig. 1 and 2.

Conductrvrty profiles to a depth of 15 m were taken with a YSI Model SS SCT conductrvrty
meter and measured in 1ncrements of 5 uS. Surface water (1 m), hypohmnron water (bottom less 1 m)
and water samples selected on elevated conductxvrty readings were acquired using 2 1 L Van Dorn ‘
water sampler. 'I‘_emperatur‘_e, depth and cond_uct-i_vity measurements were recorded for each eample.

Detailed sampling and analytical data are given elsewhere [16].

The volatile portron of each sample was processed wrthm 8 hours of collectron and 1solated‘
using the headspace procedure [12]. The concentrations of the volatrle halocarbons of interest were
determined with cryogenrc capillary column gas ch_romatography using electron captur_e detectron, The

procedure cited above has detection capabilities below 1 ng/L (ppt) for the compounds reported.



RESULTS
Volatlle Halocarbon Concentratlons in Jackflsh Bay
The volatile halocarbon compounds observed in Jackfish Bay, hsted in order of f requency of
occurrence and concentration were: chloroform (CFM), trlchlorofluoromethane (TCFM),
tetrachloroethylene (TECE), carbon tetrachloride (CTC), trichloroethylene (TCE), 1,1,1-
trichlo_roet_hane (TCA), bromodichloromethane (BDCM) and dibromochloromethiane (DBCM). Mean

halocarbon concentrations are given in Table 1.

Chloroform levels near the mouth of Blackbird Creek in 1987 and 1988 Wefe reported to be
175 and 100 pg/L [8). In 1991, the concentrations of chloroform at the m‘outh of Blackbird Creek
were 990 and 1600 ng/L, respectively: Levels higher than the source value of chloroform were f ound
at some offshore stations, the largest being 2700 ng/L near the t_hermocline of‘ station 42 in August.

~ Based on"the mean concentration levels (Table 1), chlorof orm was the predominant volatile halocarbon

contaminant observed in Jackfish Bay.

Significant levels of trichlorofluoromethane were observed (up to 56 ug/L on one occasxon)
The hxghest concentrations were found in the hypohmmon of the bay waters durmg both surveys.
Elevated levels of tnchlorofluoromethane- were obsefved in August i in surface waters of the outer bay. -
Previous studies have shown that the area off Cape Victoria can be composed of up to 50% effluent
[8], however, the water mass associated With trichlorofluoromethane was determmed to consist of

Lake Superior water by its non-sumlarlty with contaminated bay water, as differentiated by means

of the chioroform lévels, as discussed later on.

~ Carbon tetrachloride was observed at concentrations considerably higher than typical ambient

vriver and lake levels (normally 1-10 n/g/L) In August 1991 concentrations of 2800 ng/L and 3000

ng/L were measured at stations 24B and 42T. The mean.concentrations of carbon tetrachloride in bay

waters were signif’ 1cantly influenced by the few higher values, as evident from dif ferences in mean

.concentratxons (Table 1). CTC was also f ound in samples at the mouth of Blackbxrd Creek but at

levels much lower t__han those in bay waters.

4 Tetrachloroethylene, tnchloroethane and trichloroethylene concentratlons were also
sxgmﬁcantly higher than the levels in elther Blackbxrd Creek or in the outer parts of Jackfi 1sh Bay"
The highest concentrations were observed at the same sxtes as those that had elevated carbonv

tetrachloride levels. Maximum concentrations of trichloroethane were observed at 2100 ng/L for .
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station 42T and 1600 ng/L at station 24B in August while lower values of 88 ng/L station 35B and
66 ng/L, station 21B, were observed dunng October

Spatial Distribution of Chloroform

August . - . o

 In August, The distribution o_f the pulp ef fluent plume as depicted through profiles of -
chloroform concentrations in Fig. 3 was a function of the bay water’s thermal structure. The lake
hypolimnion temperature averaged 9°C while the effluent plume and bay epilimnion was 19°C. Based -
on conductivity measurements the plume from Blackbird Creek was wedged between the epilimnion
and hypolimnion in a 1 to 2 m band apprdximately 8 m below the water surfacé. The position of the

- plume-appeared to coincide with the thermbcl_i__ne, which has previ‘oﬁsly been reported [8] to be located

at a depth of approximately 6-8 m.

Colder hypolimnion lake water, (characterized by low chloroform levels) was 6bserved in the
deeper cen_tral' channel areas of Jackfish and Moberly Bays, even within metres of the mouth of
Blackbird Creek. The.colder lake waters penetrating the bay hypolimnion waters segregate the plume
water along both shorelines which are characterized by remnants of higher chloroform levels. The

" profiles of chloroform distribution 'throuéhOﬁt the water column can be i_nterpre_ted as being circulated
ina counter-cloek_wise direction, with profiles to the north and east of St. Patrick Island exhibiting
signs of upwelling and mixing in the shallower areas at the confluence of circulating bay surface and

incoming lake waters.

" October - ‘
' In October, weather conditions were crisp, with a 5-v6 cm snowfall. The preceding weeks also
had experienced regular precipitation ev_ent_s_;. The winds were strong out of the northeast causing 1
m waves which were disrupted by large incoming lake swells in the middle of the bay. The
conductivity of\the-sfream outfall was 60% lower than in August, however chloroform concentrations
were almost twice the levels found in August. The effluent temperature at the mouth of Blackbird
Creek was 2.5 °C which would result in lower chloroform losses due to volatilization. ’fhe bays’
eprhmmon and hypolimnion ranged between 7-8 °C. Because the effluent temperature was colder,
its plume raprdly mixed to 4 °C and sank into the deeper water layers of Moberly Bay and mlgrated ’
towards the open lake in the central channel of Jackfish Bay.
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Distribution of Trichlorofluoromethane

. Distribution plots (Fig. 4) of trichlorofluoromethane are in direct contrast to those observed

" for chloroform. Based on volatile chlorocarbon distributions in conjunction With conductivity

measurements a clear resolution bétween lake and plume water masses ean be made.

In August, water masses denoted as lake water by their levels of TCFM were evident along

,the eastern shoreline of Jackf ish Bay and as far mshore as the hypohmmon waters of Moberly Bay '

The highest concentrations were found. at the northern edges of the deeper channel just outside
Moberly Bay and to a lesser extent in the mixing zone to the east of St. Patnck Island, and graphrcally

depict the confluence of counter—clockwrse bay currents and 1ncom1ng lake water.

In October, TCFM levels in Jaekfi'sh Bay were lower, in agreement with the conclusion that

~ greater amounts of effluent are being retained within the bay. The mixing zone east of St. Patrick

- Island was less prominent although remnants of TCFM contammated lake waters can be observed in

the nearshore zones of Moberly Bay and the deeper central channels of Jackfish Bay. These

observations correspond to the location of the stream plume by ch_lo_rof orm profiles, shown to occupy

the deeper sections of the bay’s hypolimnion and displace the (warmer) lake waters in the fall.

-

’I'he extent to which the Blackblrd Creek stream flow mixes (as measured by % source value) .
with lake water m Jackfish Bay can also be estimated from the chlorof orm to bromodnchloromethane
ratlos (CFM/BDCM) This technique has been demonstrated successf ully in the differentiation of . _'
separate water masses and chloroform source types G. e. munrcnpal and mdustnal) in waters of the
Great Lakes basin [2-3, 17- 18] The CFM/BDCM ratio is dependant upon the f ormanon of
chloroform and bromodxchloromethane whxch is a function of the bromxde ion concentranon in the
raw water supply from Lake Supenor durmg water chlonnatron [19]. This ratio is significantly altered '
by subsequent additions of pure chlorof orm from the pulp bleaching process. ‘

The CFM/BDCM ratio provides a better measurement of the source stream content than
chloroform concentratlons as this ratio mxmmxzes any effect of fluctuations in concentrations as
caused by changes in flow (i.e. runoff), intermittent discharge of contaminants and volatilization. In
Jackfish Bay, Blacﬁkbirdbreek constitites the s‘ing‘le'most' important point source of chloroforrn with
a CFM/BDCM ratio distinct from that of lake watef. The Blackbird Creek CFM/BDCM ratio value
should remam constant over the short term, due to the mixing and retention capacity of the treatment

lagoons. Hence, the use of ratr_o isopleths can provide better estimates of source stream content, based _
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on the linear mixing relationship (Fig. 5) of the two water masses as quantitated by their individual
CFM/BDCM ratios.

The August and October 1991 profiles (Fig. 6) of % source value were based on an August

CFM/BDCM source ratlo of 168 1, at station 18 (chlorof orm, 770 ng/L bromodxchloromethane 4.6 .

August outer bay and lake stations was used for both surveys, as no outer lake measurements were '

acquxred during October Ratios for some of the October samples were calculated for low level
samples using the BDCM detection limit of 0.5 ng/L. This ratio is comparable to the 10:1 ratlo
measured in raw intake water in 1989 (P. Jordan-,_per‘sonal communication, 1993)‘. Due to the large
difference between the source and lake ratios, the lower precision of the open lake ratio values cause
no significant shifts. This is apparent from the c‘onf idence intervals ranging between 0 to 10 CFM/-
BDCM for lake ratios as shown in Fig. 5in units of percent resolution. '

Profiles in October diSplayed higher % source values in Jackfish Bay waters compared to’

August. As mentioned earlier this is likely the result of a thermal-gradient that restricts mixing and
d‘ilution between bay and lake waters. The effluent plume, which is then colder than the receiving
water, followed the path of the deeper central channels, with most of the effluent located in the
hypolimnion. Distribution profiles clearly indicate counter=clockwise circulation with overlappmg

waters and mixing in the western regions of the bay.

Good overall agreement of the plume in the receiving water was obtained with both

chloroform and percent source value profi xles However, a number of subtle differences between the

two profiles were observed that suggested contaminant concentrations and quantmes of ef: fluent are -

not necessarrly ¢ontiguous. The argument here is that measurements defining the posmon and content
of the source stream in nearshore receiving waters do not necessarily pmpomt those areas contammg

high levels.of volatile halocarbon contamination, or vice-versa.

, DISCUSSION
Nearshore'-Offshore ‘Interactions of Volatile Halocarbons
Principal eomp,onent analysis provided three »uncontelated principal components (PC) of the
variables. In PC Factor 1, the variables'consisted of a group of volatile halocarbons and ehlorof orm
The variability-witltin PC Factor 2 was related to temperatire, depth and trichlorofluoromethane
: while PC Factor 3 was weighted by the variables chloroform and conductivity. The correlatien"matrix

of the variables examined is given in Table 2.

It was originally assumed that conductance and volatiles in Jackfish-Bay would be highly

- correlated as the pulp effluent constitutes the principal flow'of Blackbird Creek and is the'onl-y '

known major point source for these parameters. Although conductance profiles (Fig. 7) are in general

/
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agreement with ‘t.he' chloroform distribution, the linear correlation betwe'en .conductance and
chloroform was weak r= 0.33, although highly signif’ icant (P= 0.0000, for F= 26.6 and n=204). Weaker
correlations would be expected if any of the ‘factots previously mentioned in the plume mixing
predictions were: true, namely that chloroform inputs fluctuate and therefore plume content as .

described by the conductivity does not necessarily coincide with the contaminant levels.

The correlauon of bromodichloromethane and chloroform in Jackfish Bay was sxgmflcant
with r=0.51, (F = 76.6 ) but was also weaker than expected The weaker correlation stems from the
mixing between lake and plume waters which contain markedly different ratios of ¢hloroform to
bromodichloromethane. ‘ ’

Chloroethané/ethylenes and bromochloromethanes were ltighly correlated with each other. .
These volatile halocarbon compounds are normally found tobe associated with chlorination of potable
water and degreasmg operations. There is sufficient evidence of oxl and grease contamination in
sediments of Jackfish Bay [8], the greatest concentrations found in the deeper embayments and on the
- downstream side of barners such as islands. These are the same areas for Wthh hxgh levels of

chloroethane and chloroethyle_ne volatile halocarbons were observed.

- Carbon tetrachloride was also hxghly correlated with the " chloroethane/
chloroethylene/ bromomethane compounds. In our expenence high levels of CTC (i.e. >50 ng/L) are
more often related to chemxcal productlon activities and are not typical for bleachmg operatxons A

- volatile chloroethylenes/CTC fingerprint was ‘used to identify solvent/tars ("blob") at the bottom of
the St. Clair River [4-5, 20-21], with a general composxtlon similar to that of taffy tars which were
'f.ormed during chlorine productlon with graphite electrode systems [22]. T:af fy tars are thought to be
the .source of many‘ of the highly chlorinated environmental contaminants, such as chlorinated
styrenes, which are not commercially manufactured. The production of chlorine at the mill between
1972-1979 [8] may have been a source for the CTC. Co—prodoced, volatile halocarbons could partition
into any tars and other substrates and become sedimented out in the containment areas or sediments E
in Jackfish Bay. -

The strong correlation of carbon tetraehlorlde and the chloroethane and chloroethylenes,
normally associated with oils-and grease, suggests that theée oompounds are being released slowly over
| time from materials settling or s,ettled"on the bottom of the bay. Findings made elsewhere [23] showed
that materials released from pulp mill operations generated chloroform over a protracted period of '
time The fact that carbon tetrachloride should not be present in substantial afnounts under current
mill practices would imply that some of these observed levels are from hxstonc materials. Secondary
contaminant releases from contaminated sediments would also explain the weaker correlatxons between
chlorof orm, conductance and the other volatiles. A forward selection regr_essmn model with

chloroform as the dependent variable, testing for linear relationships amongst the other volatile
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halocarbons (TCFM excluded) supported the conclusion that secondary sources contributed to the
concentrations of volatile contaminants. Using the criteria, significance of F < 0.05 for acceptance

and F > 0.10 for re jection, only bromodichloromethane was accept_ed by the model.

“Trichlorofluofomethane was not significantly corrélated with any of the other volatile
compounds. The statistical separation of trichlorofluoromethane from the other volatile 'cont'ar'n'inants
is interesting and supports the conclusion that this co'mpound originates from other sources, as has
been observed in other areas [2]. The route of its introduction to Jackfish Bay appears to be from
rnflowmg lake water which are thought to be contaminated through atmospherxc deposits. The latter
may originate from mill stack emissions, which were observed to descend and closely contact the lake
surface during both surveys. However we have no data to assess whether these stack emissions are

indeed the source of trichlorofluoromethane.

CONCLUSIONS AND . SUMMARY

1. The volatile halocarbon contaminant distribution patterns in Jackfish Bay appear to be
primarilysgoverned by the thermal regime of the receiving water in the bay and se_c0ndariiy by wind
driven currents. | ' | ' '

2. The CFM and BDCM concentratrons and their ratios suggest that sediments may be
-secondary sources of volatile halocarbons The CFM/ BDCM ratios allow the determrnatron of source
stream content in the' recelvmg waters. The observed variations in volatile contammant concentrauons
and % source values suggest that some discharges are intermittent, and therefore contaminants levels
and source stream concentrations do not correlate very well.

3. Conductance measurements were weakly correlated with chloroform values and
uncorrelated with the other volatile halocarbons. Together with paragraphs 2 l_and 3 above, we
‘conclude that conductance measurements appear to be of limited use for| determining areas of
contamination. Volatile halocarbon profiles provided greater resolution, sensmvrty and d1f ferentiated -
lake and effluent water masses, their movement and level of contamination. ' '

4. The volatile chlorofluorocarbon trichlorof luoromethan‘e appears to beassociated more vvith
lake water than the effluent entering Jackfish Bay The. source of this contamination is thought to be
atmosphenc deposition. _

5. Volatile halocarbon measurements represent a cost- effectrve method that can be applred.
to address certain aspects of the EMM strategies and proposed new pulp and paper effluent
‘regulations. / o '

}
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Table 1. Mean® .§oncentrations (ng/L) of V'olatilethalbcgrbons in Jackf ish Bay.

. COMPOU‘ND

~ October

October

August AuguSt August

. | Surface | Thermocline Bottom | Surface | Bottom
‘VTnchlorofluoromethane 1 16 | 16 89@4) | 71 | 1400(12)
Chloroform 89 360(240) | 160(98) | 190 | - 410
L1,1-Trichloroethane | . ‘5.4 | 110(6.6) | 49 (8.4). 24 | 49
Carbon tetrachloride | 6.6 14020) | s0@m | 15 | 3629
Trichloroethylene - | 58 |  120(4.0) 107 89 | 4
.Bfi;;odichloromethane N 33 38 (:.1;_5) 15 (3.5) 0. 88 1.7
Dibromochloromethane | 1.0 31(054) | 1421 | 045 0.86
Tetrachloroethylene 8'.61 190,»'(7.9) : ’, 150 ('20)» 1 2.1 3.1

* Welghted mean concentrations in parentheses af ter removal of outliers (Stations 42T, 24Bin August,

and 33B in October).




Table 2. Volatile halocarbon and conductance linear correlation (r) Matrix (n=204).

‘cFoly | cmoy | cHgOl | coy | cHCly | CHBrCI, CHBr,Cl | C,Cly | Cond.

CcFa, | 100 | o015 0012 | 0023 | 0021 | 0009 | 001z | 0019 | -002
CHCl 100 | 050 | 050 | 047 | o0sr | 050 [ 049 | 033

C;HCly 100 | 098 | 091 | o099 | 085 | 0s4 | -002

ccl, N 100 | 097 | 09 | 098 | 099 | -0.02
 C,HCl, | 100 | o087 | oo | o099 | -002
CHBICI, — 100 | 099 | 081 | -000
CHB1,Cl ] 100 | 094 | -0.15
o, w0 | 00
 Cond. 1.00
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Fig. 1.- Bathymetry (depth in fathoms) of Jackfish Bay, Lake Supérior..
Fig. 2. Sampling locations' in Jackfish Bay, Lake Superior.

Fig. 3 Distribution and concentration (ng/L) of chl_brof.orrh in Jackfish Bay, Lake Superior during
August (surface; 7-8 m depth; bottom) and October (surface; bottom), 1991.

Fig. 4. Distribution and concentrations (ng/L) of trichlorofluoro_methane in Jackfish Bay, Lake

Superior, during August and October, 1991.

Fig. 5. Graph of CI-‘.{CIS,/(IZH’Br‘Cl2 ratios as linear functions of the mixing of 'Black_bird Creek effluent
(100 % source value) with Lake Superior water (0 % source value) in Jackfish Bay, for August
(=) and October (0), 1991 with 10% confidence intervals (dotted lines).

’

Fig. 6. Mixing profiles, expressed as % source Blackbird Creek value, based on chloroform/
‘bromodichloromethane ratios in Jackfish Bay, Lake Superior, during August (surface; 778 m
depth; bot_tom) and October (surface; bottom), 1991.. ‘

Fig. 7. Conductance profiles in Jackfish Bay, Lake Superior, during August (surface; 7-8 m depth;
bottom) and October (surface; bottom), 1991.
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Think Recycling!

Pensez a recycler !
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