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Abstract

Spatial distributions of polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) in the water col-
umn and bottom sediments of the Houston Ship Channel in Texas were measured three times over a 1-year period.
Total TEQ concentrations in water ranged from 0.01 to 0.25 pg/l for the dissolved phase and from 0.09 to 2.91 pg/l
for the suspended phase, while TEQ concentrations in bottom sediments varied from 0.9 to 139.8 ng/kg dry wt. The
dissolved concentrations were lower than their respective suspended concentrations, with average dissolved/suspended
ratios between 0.11 and 0.59 for individual congeners. More than 89% of the total concentration of 2378-substituted
PCDD/PCDFs was attributable to OCDD but 2378-TCDD was the major contributor to total TEQ for the three sam-
pled media. Average logs of organic carbon-normalized suspended sediment-dissolved partitioning coefficients
(log K°) varied between 4.92 and 8.59 I/kg-oc; while in the bottom sediment-dissolved interface, log K2 values ranged
from 5.48 to 8.48 l/kg-oc. Observed log K values varied within a factor of 0.64-1.26 from equilibrium log K, values,
suggesting fluxes of PCDD/PCDFs across the interfaces. It was found that in the HSC, on average, the tendency of a
compound to move from the particulate phase to the dissolved phase decreases with increasing Ky
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
Sampling for PCDD/PCDFs in water bodies has

mainly focused on sediment and tissue because of the
difficulty involved in sampling their very low concentra-

* Corresponding author.

tions in water. Typically, PCDD/PCDF concentrations
in water are on the order of tenths of parts per quadril-
lion (ppq or pg/l), whereas their detection limits are on
the order of 10 ppq and higher. Thus, researchers inter-
ested in quantifying PCDD/PCDFs in water have to use
high-volume sampling technologies that allow concen-
trating the PCDD/PCDF from large volumes of water.
The handful of studies in the literature that have used
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such technologies have focused on the partitioning rela-
tionships between the dissolved and particulate phases
of PCDD/PCDFs in the water.

Broman et al. (1991), for example, analyzed dissolved
and suspended samples from offshore locations in the
Baltic Sea using a high-volume tangential-flow filtration
system. They found that all PCDD/PCDF congeners
except TCDFs, HxCDFs, OCDFs, and TCDDs were
mainly associated with particulate matter and the distri-
bution was dependent on the concentration of particu-
late lipids but not correlated to the particulate organic
carbon (POC). They attributed this to the high POC val-
ues (~45%) that were present in their samples. Multiva-
riate analysis allowed Broman et al. (1991) to conclude
that the main source of PCDD/PCDFs in remote water
areas was atmospheric deposition and that sources from
coastal areas were of secondary importance. Gotz et al.
(1994) used a filter/PUF (polyurethane foam) sampling
system and found that more than 98% of the PCDD/
PCDF concentration in the River Elbe water column
was in the suspended particulate phase. They observed
different fingerprint profiles for suspended and dissolved
samples collected from the same location and analysis of
isomeric patterns for HpCDF led them to conclude that
the contamination was caused by combustion emissions
and municipal and industrial effluents. Hashimoto et al.
(1995) measured PCDD/PCDFs in non-polluted areas
along the Japanese coast using a glass wool/XAD-2 resin
sampling system and detected PCDDs but not PCDFs.
They observed that the composition of PCDD in seawa-
ter was similar to that of ancient oceanic sediment,
raising the possibility that PCDDs were produced in
marine water.

Rantalainen et al. (1998) used semipermeable mem-
brane devices (SPMDs) to sample the water column
and sediments in the Lower Fraser River (B.C., Can-
ada). They compared SPMD results against those ob-
tained using a glass fiber-filter/XAD-2 resin unit; and
in general observed good agreement between the two
methods. PCDD/PCDF concentrations were higher in
SMPDs exposed to sediment than in those exposed to
the water column at the same locations but they showed
similar congener patterns suggesting similar sources in
the past and present. They concluded that levels of
PCDD/PCDFs were relatively low for such an industri-
alized area. Lohmann et al. (2000) collected air and
water samples simultaneously from the Raritan Bay/
Hudson River Estuary and demonstrated flux of
PCDD/PCDFs from water to air. They found that for
the same number of chlorines, PCDDs were less associ-
ated with the particulate phase than PCDFs, with the
exception of TCDD/Fs. The particle-bound fraction
for PCDD/PCDFs increased with the degree of chlorina-
tion except for TCDDs.

While the aforementioned studies investigated the
distribution of PCDD/PCDFs between dissolved and
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suspended phases in water, they did not study the distri-
bution of PCDD/PCDFs among the dissolved, sus-
pended sediment, and bottom sediment phases. This is
a topic of great interest though, with respect to
PCDD/PCDF in water bodies because the main path-
way of exposure for humans is through the food chain.
Fish, crab, and other organisms bioaccumulate the
PCDD/PCDFs they are exposed to from the water body
and it is not clearly understood whether the bioaccumu-
lation occurs from the sediment or water. Additionally,
and because of the cost and difficulty in sampling water
concentrations, models that can predict water concen-
trations from sediment values are of interest. Finally,
it is important to understand the distribution of
PCDD/PCDF between the three phases in order to
determine the origin of the PCDD/PCDFs and to
develop appropriate source control strategies.

This paper addresses this deficiency and develops a
unique database of water and sediment PCDD/PCDF
concentrations for a heavily polluted water body in
Texas. The main objectives of the paper are to scrutinize
the levels and patterns of PCDDs and PCDFs in water
from the Houston Ship Channel (HSC) and to assess
their partitioning between the suspended sediment—dis-
solved and bottom sediment-dissolved phases. This
dataset constitutes, to the best of the authors’ knowl-
edge, the most extensive PCDD/PCDF dataset of its
kind and the first quantification of PCDD/PCDFs in
water for the HSC.

Only one other study in the literature has undertaken
this type of investigation. Persson et al. (2002) measured
PCDD/PCDFs in a marine fjord in Norway. They de-
scribe PCDD/PCDFs as compounds whose solid—water
partitioning and particle-driven dispersion is signifi-
cantly affected by their interaction with soot-carbon in
addition to organic matter (enhanced sorption).

In this study, a total of 33 stations are sampled con-
currently for the 17 2378-substituted congeners and for
total homologue groups in the dissolved phase and sus-
pended sediments. The congener data from the study are
analyzed spatially to establish trends. The data are then
analyzed to calculate partitioning coefficients.

2. Methods
2.1. The Houston Ship Channel

The Houston Ship Channel (HSC), located in the San
Jacinto River Basin, is comprised of a network of water
bodies extending approximately 50 miles from the Port
of Houston near downtown Houston to the Gulf of Mex-
ico (see Fig. 1). The Channel is an estuarine system that is
composed of the tidally-influenced Houston Ship Chan-
nel and San Jacinto River and free-flowing tributaries
that become tidal as they approach the Channel. The
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Fig. 1. Study area.

Channel is home to the largest petrochemical complex in
the United States and the second largest worldwide.

The HSC receives significant municipal and indus-
trial discharges as well as non-point source pollution.
The water quality in the channel was severely impaired
in the early 60s due to the high discharge loads but its
water quality has significantly improved in recent years
due to more stringent discharge permitting. PCDD/
PCDF levels in waters of the HSC have not been mea-
sured prior to this study.

2.2. Sampling

Fig. 1 shows the HSC locations that were sampled to
quantify PCDD/PCDFs in water and sediment. Three
sampling events were undertaken: summer 2002 (July
25-September 11), fall 2002 (October 21-December
10), and spring 2003 (April 30—June 17). All locations
were sampled during the summer 2002 and at least once
during the remaining two events so that each station was
sampled a minimum of 2 times. Sampling dates were se-
lected to evaluate seasonal differences, if any, in the mea-
sured concentrations.
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Since PCDD/PCDF concentrations in water are
typically lower than the analytical detection limit, water
sampling was conducted using the high-volume tech-
nique. For this research, a commercially available
high-volume sampling system (Infiltrex 300, Axys Envi-
ronmental Systems, Sydney, BC) was used. Using this
technique allows concentrating PCDD/PCDFs from
large volumes of water to obtain measurable quantities.
The high-volume system uses a 4-in. 1 um-glass fiber-fil-
ter (GFF) cartridge followed by a stainless steel column
packed with hydrophobic polymeric resin beads (XAD-
2) through which large volumes of water can be passed.
Because PCDD/PCDFs are very hydrophobic, they
rapidly sorb to the resin, making it possible to com-
pletely collect the dissolved PCDD/PCDFs from the
sampled water. The PCDD/PCDFs can then be recov-
ered from the GFF and resin by extraction with a
non-polar organic solvent. Water was pumped at a rate
of about 1.6 I/min and the volume of water processed
varied between 300 and 750 1. This allowed for reporting
limits ranging between 0.013 and 0.033 pg/l for 2378-
TCDD. Additional grab water samples were collected
and analyzed for total organic carbon (TOC), dissolved
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organic carbon (DOC), total suspended solids (TSS),
and total dissolved solids (TDS). All water samples were
preserved at 4 °C or less prior to analysis.

Sediment samples were collected with a previously
decontaminated stainless steel Ponar dredge. Samples
were collected and deposited into a stainless steel bowl.
A minimum of three grab samples were composited
using only the top 5 cm of sediment, mixed thoroughly
with a clean stainless steel spoon, and deposited into a
labeled, pre-cleaned amber glass jar with a Teflon® seal.
Sediment samples were preserved at 4 °C or less prior to
analysis.

2.3. Analytical methods

PCDDs and PCDFs in water and sediment samples
were quantified by high-resolution gas chromatogra-
phy/high resolution mass spectrometry (HRGC/HRMS)
using EPA Method 1613B at a commercial laboratory.
Sediment samples were homogenized, spiked with 15
13C,,-labeled PCDD/PCDF internal standards and ex-
tracted using Soxhlet extraction apparatus. Resin and
filters from water samples were homogenized, spiked
with 15 13Cy,-labeled PCDD/PCDF internal standards,
and mixed with sodium sulfate, allowing 12-24 h to
dry. Subsequently, the samples were extracted for 18—
24 h using methylene chloride: hexane (1:1) in a Soxhlet
extractor and the extract was evaporated to dryness. The
extracts (for both water and sediment samples) were
then spiked with 2378-TCDD-*'Cl, enrichment effi-
ciency standard and subjected to acid/base washes, multi-
player silica, alumina and carbon column cleanup
procedures to remove interferences from the extracts.
After cleanup, the extracts were concentrated to near
dryness and spiked with recovery standards (1234-
TCDD-'3C,, and 123789- HxCDD-!3C,,) immediately
prior to injection. Chromatographic separation was
achieved with a DB-5, capillary chromatography col-
umn, (60 m, 0.25 mm i.d., 0.25 pm film thickness). A
second column DB-225 (30 m, 0.25 mm i.d., 0.25 um
film thickness) was used for confirmation of TCDF
identification.

Physical properties of water and sediment were ana-
lyzed at a commercial laboratory using standard meth-
ods (US Environmental Protection Agency, 1983) as
follows: TDS EPA 160.1, TSS EPA 160.2, TOC EPA
415.2, DOC EPA 415.2, organic content of sediments
(TOC) Lloyd Kahn, and total solids content EPA
160.3. Standard field parameters (temperature, pH,
salinity, and conductivity) were measured using a YSI
multiparameter probe (model 6920 or 600XLM).

2.4. Quality control

Field duplicates and blanks were collected at a fre-
quency of 5% or higher with each set of samples and
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processed in an identical manner to samples. In addi-
tion, laboratory duplicates and blanks were run at a fre-
quency of 5%. Overall, when detected, both field and
laboratory blanks showed levels below 5% of the levels
in the samples. Results obtained from the duplicate sam-
ples were consistent and in agreement with the method
requirements for the different congeners. Recoveries
for 2,3,7,8-substituted congeners ranged from 72% to
92% with an average of 81%. Non-detects were assumed
to be equal to half of the detection limit for total equiv-
alence quotient (TEQ) calculations and summary statis-
tics. World Health Organization equivalence factors
(TEFs) (Van den Berg et al., 1998) were used to calculate
total equivalent concentrations (TEQs).

3. Results and discussion
3.1. Water concentrations

Average PCDD/PCDF concentrations in water for
all stations sampled for each event are presented in
Table 1. PCDD/PCDF concentrations in water for sum-
mer 2002 varied between 0.10 and 0.82 pg TEQ/1 with an
average value of 0.32 pg TEQ/I. Samples for the fall
2002 sampling varied between 0.12 and 2.73 pg TEQ/1
with an average value of 0.63 pg TEQ/l. PCDD/PCDF
concentrations in water collected during spring 2003
varied between 0.11 and 3.16 pg TEQ/] with an average
of 0.45 pg TEQ/L. 1t is noted that 100% of the samples
exceeded the EPA water quality criterion of 0.014 pg/l
(US Environmental Protection Agency, 2002). The ob-
served PCDD/PCDF concentration ranges in the HSC
are higher than those measured in other industrialized
areas with the exception of those in the River Elbe,
and are also significantly higher than those observed in
pristine areas such as the Baltic Sea (Table 2). A com-
parison of dissolved and suspended concentrations
for the locations measured during the three events using
the ANOVA test shows that neither the congeners nor
the TEQ exhibit statistically significant variation with
season (o = 0.05, p-values between 0.11 and 0.97) with
the exception of OCDD in the dissolved phase that pre-
sents higher concentrations in the fall than the other two
sampling events (p-value = 0.003).

The highest average TEQ concentrations for the
three events were measured at locations 15979 and
11193. The first location is within the heavily indus-
trialized confined section of the channel, whereas the
second station is on the San Jacinto River, home to
paper and pulp mills, heavy shipping traffic, and pipeline
crossings.

Fig. 2 shows the concentration distribution for the 17
2378-substituted congeners and TEQ in dissolved and
suspended phases for the three sampling events. The dis-
solved concentrations for the individual PCDD/PCDFs



Table 1

Average (tstandard deviation) concentrations by sampling event

Congener Summer 2002 Fall 2002 Spring 2003
Dissolved Suspended Total Sediment Dissolved Suspended Total Sediment Dissolved Suspended Total Sediment
[pe/] matter [ng/kg] water [pg/l] [ng/kg] [pe/] matter [ng/kg] water [pg/l] [ng/kg] [pg/] matter [ng/kg]  water [pg/l] [ng/kg]
n=37 n=37 n=37 n=39 n=20 n=37 n=20 n=17 n=22 n=37 n=22 n=217
2378- 0.04 £0.05 4849 0.14£0.11 20.3+56.3 0.07 £0.09 93%15.6 0.38 £0.47 124+ 120 0.04 £0.04 102+ 18.2 0.23+£0.44 10.1 £19.5
TCDD
12378- 0.01 £ 0.005 0.7%0.3 0.02 £0.01 1.1+1.7 0.01 £0.002 04£0.2 0.02 £0.01 1.1£1.1 0.01 £0.01 09+04 0.02£0.01 0.7%0.7
PeCDD
123478- 0.01 £0.008 1.6x1.1 0.04 £0.02 2.0£2.0 0.01 £0.01 09*04 0.04 £0.02 29%29 0.01 £0.01 2.0%0.6 0.05£0.02 1.6£1.2
HxCDD
123678- 0.02 £ 0.01 32+19 0.08 £ 0.04 48+49 0.02 £ 0.01 22%14 0.08 £ 0.04 9.3%16.5 0.02 £ 0.01 49%1.6 0.11 £0.04 33+26
HxCDD
123789- 0.02 £0.02 57+3.7 0.15%0.09 39+%33 0.02 £ 0.01 3+1.5 0.11 £0.05 58+54 0.02 £0.01 74+1.7 0.17 £0.07 3.1+£23
HxCDD
1234678- 0.33£0.30 137.2+£79.9 327+1.52 117.6 £ 108.7 0.79 £ 0.44 103.6 + 53.5 3.88+1.79 269.7 +488.1 0.49 £0.31 183.9 +55.4 414+ 1.78 104.1 +83.4
HpCDD
OCDD 5.62+5.67 3321.3+£2079.4 77.94+41.94 2712.7+2217.6 26.44+1649 4257.3+£23747 156.74£90.41 5840.5+9379.4 11.27+7.39 5150.9 £2493  113.54+69.41 24359 * 1876.7
2378- 0.16 £0.17 128 £12.6 0.42+£0.34 60.7 +178.3 0.23£0.25 27.1 £50.7 1.11£143 31.7+38.5 0.14£0.13 30.1 £63.1 0.71 £1.55 29.7+75.8
TCDF
12378- 0.01 £0.01 14%12 0.04 £0.02 2.1%5.1 0.01 £0.01 1.1£13 0.04 £0.04 28%34 0.01 £0.01 1.8%£2.0 0.04 £0.04 09%1.5
PeCDF
23478- 0.01 £0.01 1.2£09 0.04 £0.02 27%45 0.01 £0.01 09%0.8 0.04 £0.03 39+5.7 0.02 £0.01 19%1.5 0.05£0.03 1.8%+2.1
PeCDF
123478- 0.02 £ 0.04 28+23 0.08 £0.05 42%74 0.03 £0.02 32+28 0.13£0.08 62+%11.5 0.01 £0.01 46*4.1 0.1 £0.08 26%3
HxCDF
123678- 0.01 £0.01 1.6x1.1 0.04 £0.02 1.8+4.6 0.01 £0.004 0.7%0.7 0.03 £0.02 34+£58 0.01 £0.01 1.6 1.1 0.03 £0.02 1.1£1.0
HxCDF
234678- 0.01 £0.02 1.6x1.2 0.05 £ 0.02 1.5%£1.6 0.01 £0.004 0704 0.03 £0.01 23+£3.0 0.01 £0.01 1.1£0.7 0.02 +0.01 09*1.0
HxCDF
123789- 0.01 £0.01 0.7%0.6 0.02 £0.01 09*1.1 0£0.002 03%04 0.01 £0.01 1.3£22 0.01 £0.01 02%0.2 0.01 £0.01 0.6 £0.6
HxCDF
1234678- 0.07£0.18 204+ 189 0.47 £0.30 20.4 +26.6 0.04 £0.02 9.1%45 0.34+£0.23 50.4 +108.8 0.04 £0.05 23.1+£158 0.47 £0.30 152+15.6
HpCDF
1234789- 0.01 £0.01 1.6x1.2 0.04 £0.02 23+£35 0.01 £ 0.004 09%0.7 0.03 £0.02 38+6.8 0.01 £0.01 1.7£1.2 0.04 £0.02 1.6%£1.8
HpCDF
OCDF 0.25+0.38 136.9 £ 157.1 3.02+£2.99 360.1 £1065.6  0.29 £0.26 86.6 + 86.4 3.5+£5.71 254.8 £332.7 0.29£0.21 201.7 £260.3 348 £3.11 123.9 £ 163.5
SWHOys- 0.09 +0.08 11.1+84 0.32+0.17 32.6 £80.8 0.13+0.13 15.6 £ 21.6 0.63 +0.66 257+2538 0.08 +0.05 20.1 £25.8 0.45 +0.62 17.5+28.8
TEQ
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Table 1 (continued)

Congener Summer 2002 Fall 2002 Spring 2003
Dissolved Suspended Total Sediment Dissolved Suspended Total Sediment Dissolved Suspended Total Sediment
[pg/M matter [ng/kg]  water [pg/l] [ng/kg] [pg/] matter [ng/kg]  water [pg/l] [ng/kg] [pe/) matter [ng/kg]  water [pg/l] [ng/kg]
n=37 n=37 n=37 n=239 n=20 n=37 n=20 n=17 n=22 n=37 n=22 n=27
Total 0.28 £0.33 19.7 £ 14.0 0.70 £0.42 33.9+655 0.29£0.25 14+16.4 0.76 £ 0.62 27.8+19.6 0.22£0.11 28.5+232 0.74 £ 0.50 20+24.6
TCDDs
Total 0.10 £0.17 9.5+8.6 0.32£0.30 119+154 0.06 +0.03 35+1.8 0.17 £0.09 15.1+152 0.06 £ 0.05 13.9%6.6 0.34 £0.18 8.0+8.7
PeCDDs
Total 0.28 £0.37 84.1 +62.4 220+ 1.67 101.3 £95.7 0.41£0.25 434 +25.1 1.73£0.88 179.8 £214.9 0.36+£0.22 1279 £36.6 298 £1.45 73.9+554
HxCDDs
Total 1.05+1.04 437.7 £262.6 10.53 £5.57 369.8 £334.1 2.16+1.16 287.2*168.6 10.88 = 5.36 940.9 +1834.7 1.48+0.85 583.8+147.1 13.15+547  330.5+250.8
HpCDDs
Total 0.44 £0.47 31.8+27.7 1.08 £0.78 121.1 £340.6  0.49+£0.48 46.9 £ 86.8 2.03+2.52 82.6+90.1 0.36£0.3 64.0+114.3 1.56 +2.81 65.5+155.2
TCDFs
Total 0.15+0.21 142+11.1 0.43£0.27 194+322 0.12£0.08 7.7+54 0.37+£0.25 38.5+67.9 0.10£0.12 17.7+ 14.6 0.41£0.27 12.5+£139
PeCDFs
Total 0.12£0.28 19.8 = 14.8 0.53+0.34 248 344 0.07 £0.05 11.5£73 0.43 £0.25 64.5 % 141.1 0.07 £ 0.06 274%17.2 0.57 £0.31 18.9 £20.8
HxCDFs
Total 0.17 £0.37 46.7 £ 36.9 1.12£0.63 54.7+77.4 0.13£0.12 32.6£24.7 1.15+£0.73 136.1 £ 354.1 0.08 £ 0.06 51.4+36.9 1.04 £0.71 36+40.3
HpCDFs
Temperature (°C) 29.99 +1.39 30.12 + 1.49* 20.03 £2.17 21.19 + 1.59* 28.98 +1.38 2581 £1,10*
pH (pH units) 7.70 £ 0.54 7.75 £ 0.68% 7.22 £ 0.46 7.82 £ 0.60% 7.44£0.78 7.33 £0.55%
Salinity (%) 7.40 £5.26 5.16 + 3.83% 2.70 £3.23 559 +5.17% 10.40 £ 4.70 8.81 £3.72%
TSS (mg/l) 25.45+13.92 N/A 34.70 £ 21.05 N/A 21.00 + 8.94 N/A
TOC (mg/l or %)° 30.63 + 8.49 1.20 £ 0.64 22.54 +12.78 1.00 £ 0.64 26.92 +6.58 1.60 £ 1.12
DOC (mg/l) 27.96 + 8.60 N/A 18.62 £ 7.64 N/A 23.03 £4.28 N/A
Total solid content (%) N/A 533+175 N/A 493+ 16.5 N/A 53.5+14.8

N/A = not applicable.

* Parameter measured at the bottom of the water column at the time of sediment sampling.

° mg/l for water and % for sediment samples.
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Table 2
Dioxin concentrations in water from various studies

Location Area description Dissolved Suspended Total Diss/susp ratio Reference
Japanese coastal area Non-polluted 0.10° 1.17-2.87° 1.27-2.87° 0.085 Hashimoto
et al. (1995)
Baltic Sea Offshore and 0.036-0.257*  0.167-0.388" 0.239-0.552% 0.13-1.54 Broman
pristine areas et al. (1991)
River Elbe, Germany 0.211-0.275*  86.13-276.49*  86.40-276.70°  0.0007-0.003 Gotz
et al. (1994)
Lower Fraser River, 0.427-0.658* Rantalainen
BC, Canada urbanized et al. (1998)
Rantin Bay, NY Highly industrialized — 2.94* 14.85% 17.79% 0.19 Lohmann
and urbanized et al. (2000)
Hudson River, NY Highly industrialized = 2.35% 36.2° 38.55% 0.065 Lohmann
and urbanized et al. (2000)
The Grenlandsfjords, Near discharges from 0.09-2.74* 0.26-60.80* 0.35-63.433 0.01-0.36 Persson
Norway magnesium plant et al. (2002)
Bayou Meto, AR Near a herbicide 4¢ Lebo
manufacturer et al. (1995)
Houston Ship Highly industrialized — 0.99-69.13%¢  11.28-392.74*¢  26.73-461.87%¢ 0.01-0.44 This study

Channel, TX and urbanized

Studies in non-polluted areas are in italics.
# Total PCDD/PCDF concentrations in pg/l.

® Total PCDD concentrations in pg/l (PCDFs were not detected).

¢ TCDD + TCDF concentration in pg/l.
4 Range for all three sampling events.

ranged from 0.001 to 63.37 pg/l, while the suspended
concentrations varied between 0.001 and 356.44 pg/l.
Overall, congener concentrations in water samples (dis-
solved plus suspended) exhibited the sequence OCDD >
123478-HpCDD > 1234789-HpCDF > OCDF > TCDF >
TCDD. Most of the total 2378-substituted PCDD/
PCDF concentration can be attributed to OCDD with
an average contribution of 91%. However, 2378-TCDD
was the major contributor to the total TEQ (41% on
average) followed by OCDD (36% on average).

As expected for hydrophobic compounds, the dis-
solved concentrations were typically lower than their
respective suspended concentrations, with average dis-
solved/suspended ratios between 0.11 and 0.59 for indi-
vidual congeners. The dissolved/suspended ratios for
total PCDD/PCDF, between 0.01 and 0.44, were higher
than those observed in other studies except those in Bro-
man et al. (1991) (Table 2). Overall, the dissolved frac-
tion decreases with increased chlorination (data not
shown). For example, average dissolved fractions for
2378-TCDD, 123678-HxCDD, and OCDD are 27%,
19%, and 11%, respectively. The average dissolved and
suspended fractions did not show statistically significant
(a2 = 0.05) changes with season.

3.2. Sediment concentrations

The average levels of 2378-substituted PCDD/PCDFs
in sediment samples are presented in Table 1. PCDD/
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PCDF concentrations in sediment varied within the
ranges 0.7-443.8 ng TEQ/kg dry wt, 0.8-99.9 ng TEQ/
kg dry wt, 0.9-139.8 ng TEQ/kg dry wt, for summer
2002, fall 2002 and spring 2003, respectively. Average
sediment TEQ concentrations were 32.6, 25.7, and
17.5 ng/kg dry wt, for the three events respectively.

Fig. 2 shows the concentration distribution for the
17 PCDD/PCDF-like congeners and TEQ in sediment.
The concentrations for the individual congeners ranged
from 0.1 to 41000 ng/kg dry wt. In general, sediment
samples exhibited congener concentrations that followed
the sequence OCDD > HpCDD > OCDF > HpCDF >
TCDF > TCDD. As with water samples, most of the
total concentration of 2378-substituted PCDD/PCDFs
can be attributed to OCDD with an average contribu-
tion of 89%, while 2378-TCDD is the major contributor
to the total TEQ (41% on average).

3.3. Spatial trends

Average TEQ concentrations for dissolved, sus-
pended sediment and bottom sediment samples were
plotted at each location in Fig. 3a and b to evaluate data
correlations among the different media. Data in Fig. 3a
show that, in the main channel, PCDD/PCDF levels are
consistent among the different media. A sudden increase
in TEQ concentration in bottom sediment at a given sta-
tion is accompanied by increases in the TEQ levels for
the other two media, with the exception of one sample
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Fig. 2. Distribution of individual congeners in the dissolved, suspended and bottom sediment phases.

in Galveston Bay (river km—7.5) for which the sus-
pended concentration exhibited a peak that was not
observed in the other two media. In addition, data in
Fig. 3a suggest the presence of a major contributor to
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PCDD/PCDF contamination somewhere along river
km 15-30, where a sudden increase in concentration
for all three media is observed. This peak may also be
the result of sediment transport dynamics, redistribution
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dissolved concentrations in pg/L, suspended and bottom sediment concentrations in ng/kg-oc

Fig. 3. Comparison of total I-TEQ levels in (a) the main channel and (b) side bays for dissolved (<), suspended (M), and sediment (A).

of historic sediments by tidal currents, erosion in previ- malized suspended sediment concentrations, and the oc-

ously depositional environments, and dredging/disposal normalized suspended and bottom sediment concentra-

practices. Similarly, in side bays (Fig. 3b), levels of tions are statistically correlated (p-value =0.01). This

PCDD/PCDFs are generally consistent among the three may indicate that the sources and processes contributing

media. to the PCDD/PCDF concentrations may differ between
In order to investigate possible changes in patterns the main channel and the side bays.

due to differences in depth and hydraulics, plots for

the main channel (top) were compared to those for side 3.4. Suspended-dissolved partitioning in

bays (bottom), but no obvious differences could be im- the water column

plied from visual inspection. However, results of a

non.parametric correlation test among TEQS in the Partitioning between the suspended and dissolved

three sampled media for individual sets of samples indi- phases can be quantitatively characterized by the linear

cate that dissolved PCDD/PCDF concentrations in the partitioning coeflicient (Kp) or by an organic carbon-

main channel are positively correlated to their organic normalized partitioning coefficient (K,), that describes

carbon (oc)-normalized counterparts in suspended and the ratio of a chemical’s concentration in suspended sedi-

bottom sediment samples (p-value < 0.05), while oc-nor- ment to that in the dissolved phase at steady-state equi-

malized suspended and bottom sediment concentrations librium conditions (Karickhoff, 1981):

are not statistically correlated. For side bay samples, on

the other hand, the dissolved TEQ concentrations Kp = forK o = G (1)

.. . . . . P ocfroc
showed a statistically significant correlation with oc-nor- Cye
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where C; is the concentration of a specific PCDD/PCDF
congener in the particulate phase in ng/kg dry wt, f.. is
the mass fraction organic carbon in the particulate
phase, and Cy is the concentration of the same com-
pound in the truly dissolved phase at equilibrium.

In this research, observed partitioning coefficients
(K5> and K°%) for the HSC were calculated using the
measured PCDD/F concentrations in the filter and
XAD-2 resin samples, using the following equation:

COC

C
obs s obs
KP =— or Koc =
Cy

Cy

(2)

where C,. is the organic carbon-normalized concentra-
tion of a congener in the particulate phase in ng/kg-oc,
and C,, is the concentration of the same compound in
the truly dissolved phase. Concentrations measured in
the XAD-resin were not corrected for the particle-con-
centration effect (PCE), since most of the colloidal por-
tion passes through the XAD-2 resin as observed by
Morehead et al. (1986) and Burgess et al. (1996) and,
thus, PCDD/Fs sorbed to colloidal organic constituents
are not included in the estimated concentrations. Only
concentrations above the detection limits were included
for calculating partitioning coefficients.

The log K3 for the 17 congeners ranges from 3.29
to 6.67 l/kg dry wt, with average values varying from
4.93+0.28 (mean * standard deviation) to 5.71%
0.40 I/kg dry wt. Overall, log K3 values increase with
increased level of chlorination. log K8 values showed a
statistically significant (p-value < 0.01) but weak (+* =
0.145) inverse correlation with the amount of suspended
matter (TSS) confirming similar observations reported
by Bergen et al. (1993) and Eadie et al. (1992) for other
HOC:s. Given that solubility is affected by temperature,
the relationship between log K5* and temperature was
also examined, but no statistically significant correlation
was observed. Finally, the observed logKp data were
correlated to logK,,, values for the different PCDD/
PCDF congeners given by Govers and Krop (1998). This
analysis indicated that log K, alone only accounted for
21.7% of the observed variability in log Kp.

In order to obtain organic-carbon-normalized PCDD/
PCDF concentrations in suspended sediments (C,.), the
particulate organic carbon concentration (POC) was cal-
culated as the difference between total organic carbon
(TOC) and dissolved organic carbon (DOC) measured
in grab water samples. The POC concentration in units
of mass per volume was then converted to a percentage
using the total suspended solid concentration (TSS)
measured from the same sample. log Kggs varied between
4.92 and 8.59 I/kg-oc,with average values ranging from
5.99 £0.59 to 6.78 + 0.72 I/kg-oc (Fig. 4). Observed log-
K, values for locations measured during the three events
were analyzed using a paired #-test to determine seasonal
variation. Partitioning coefficients for most congeners
showed no significant differences among seasons. The
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only exceptions were 1234678-HpCDD and OCDD for
which the partitioning coefficients measured in the sum-
mer were significantly higher than those measured in
the fall and in the spring.

The observed values of log K. were compared with
equilibrium log K. values calculated using a linear model
with 95% confidence limits developed by Seth et al.
(1999):

logKo. = 1.031og Koy, — 0.61 (3)

Because the K,.—K,,, regressions were determined at
25 °C, observed K, values were corrected for tempera-
ture using the van’t Hoff equation as proposed in the lit-
erature (Sobek et al., 2004):

log Kow(T) = 10g K (298.12 K)

AH 1 1 4

2303k (298.15 K T) @

where AH,,, is the enthalpy of phase transfer (J/mol), R

is the gas constant (J/mol/K), and T is the water temper-

ature at sampling (K). Values of AH,,, were obtained

from Shiu and Ma (2000), and assumed constant over

the temperature interval of the samples. Correcting for

temperature changed the observed logK,. values be-
tween —2% and 2%.

Corrected logK,. values agreed within a factor of
0.64-1.25 with equilibrium log K, predicted using Eq.
(3). Data in Fig. 4a show that the compounds with the
best agreement between equilibrium and corrected
log K, values are the lower chlorinated PCDD/PCDFs
(2378-TCDD, 2378-TCDF, and PeCDFs), with log K&
falling within the predicted range for equilibrium in
more than 50% of the samples. For higher chlorinated
PCDD/PCDFs, only 4% to 20% of the logK;>" were
within the predicted range. K" values for hepta- and
octa-PCDD/Fs were overpredicted in more than 90%
of the samples by factors of 4-703 from those predicted
by the equilibrium model.

Possible explanations for the differences between pre-
dicted and corrected partitioning coefficients include (i)
error in POC concentrations, given that POC was not di-
rectly measured but calculated from TOC and DOC
measurements; (ii) equilibrium K,. values were calcu-
lated using a linear model that was obtained using data
for various HOCs but not specifically for PCDD/
PCDFs; site-specific K, measurements for the HSC
are not available as of this writing; and (iii) the partitio-
ning of PCDD/PCDF among the various media and the
PCDD/PCDF loading from various sources constantly
change over time and at the local scale, the system
may not be at equilibrium.

3.5. Bottom sediment—water partitioning

Similar to suspended-dissolved partitioning, ob-
served bottom sediment—dissolved partitioning coeffi-
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Fig. 4. Observed organic carbon-normalized partition coefficients for the HSC (a) suspended—dissolved and (b) bottom sediment—

dissolved.

cients can be calculated using Eqs. (1) and (2). Because
the referred to water column measurements were taken
at depths between 1-2 feet and may not be at equili-
brium with deeper bottom sediments if the channel
exhibits stratification, partitioning coefficients were
calculated only for the side bays (water depth < 6 ft).
Observed logKp values for the 17 congeners varied
between 3.55 and 6.56 I/kg dry wt, with average values
ranging from 4.91 £ 0.54 to 5.69 + 0.58 I/kg-dry wt.
These values compare very well with the observed log Kp
values for suspended-dissolved partitioning. Correla-
tions between different measured parameters and
logKf,bs values showed significant but weak correlations
with sediment solids content (p-value < 0.01, > = 0.230,
inverse correlation) and sediment organic carbon con-
tent (TOC) (p-value < 0.01, r* = 0.324). Similar to the
suspended—dissolved observed Kp values, a very weak
correlation between sediment and water logK$® and
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temperature (p-value = 0.04, r* = 0.009) suggested that
the partitioning coefficients are not affected by seasonal
variations in this system. A correlation between log K9
and log K, showed that log K,,, only accounted for a
very small percentage (4%) of the variability in log Kl‘;bs.

Observed logK,. values for sediment-water parti-
tioning varied between 5.48 and 8.48 I/kg-oc, with aver-
age values between 6.86 £ 0.51 and 7.62 £ 0.56 1/kg-oc.
The observed sediment-dissolved logK,. values were
generally higher than their suspended-dissolved coun-
terparts, with differences of up to two logs. This might
be due to higher degree of PCDD/PCDF contamination
in the sediment. However, it is noted that unlike the sus-
pended sediment and dissolved phase concentrations,
that were measured simultaneously from the same sam-
ple, the bed sediment concentration and dissolved con-
centration measurements were taken up to a few days
apart.
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Corrected logK,. values agreed within a factor of
0.76-1.26 with equilibrium logK,. values (Fig. 4b).
The congeners with the best agreement between equilib-
rium and corrected logK,.values were the penta- and
hexa-PCDD/Fs; values being within the predicted range
for equilibrium in 50-96% of the samples. Once again,
the higher chlorinated PCDD/PCDFs show low agree-
ment with the equilibrium model with more than 50%
of the values outside the equilibrium range. It is noted
that for the lower chlorinated congeners, log K" is
underpredicted by the equilibrium model for the majo-
rity of the samples, in contrast to what was observed
for suspended—dissolved partitioning of the same cong-
eners. Ko values for hepta- and octa-PCDD/Fs are
overpredicted in more than 50% of the samples by fac-
tors of 5-95, while Ki." values for 2378-TCDD and
2378-TCDF are underpredicted by the equilibrium
model by factors up to 10 and 40, respectively.

Possible explanations for the differences between pre-
dicted and observed partitioning coefficients include: (i)
uncertainty in the estimation of K values as noted ear-
lier, site-specific K, measurements are not available for
the HSC; and (ii) disequilibrium between phases at the
local scale.

An important observation from Fig. 4a and b is the
flatness of the relationship between logK(." and the
“hydrophobicity” of the chemical, as indicated by
log K., This effect is frequently observed (see for exam-
ple, Baker et al., 1991; Axelman et al., 1997) and com-
monly attributed to disequilibrium caused by kinetic
factors.

If the difference between equilibrium and corrected
log K, values discussed is interpreted as a lack of equi-
librium at the local scale of PCDD/PCDFs among differ-
ent phases in the HSC, contaminant fluxes between the
phases can be expected. Values of log Ko™ that are higher
than their respective equilibrium logK,. indicate a
tendency for a specific congener to partition in the par-
ticulate phase, while log K> values that are lower than
their respective equilibrium log K,,. indicate a tendency
for a specific congener to partition in the dissolved
phase. Data in Fig. 4 also suggest that on average a com-
pound has a lower tendency to move from the particu-
late phase to the dissolved phase with increasing K,
indicating that lower chlorinated compounds (lower
K,) are magnified in the suspended sediments to a
greater degree than the higher chlorinated compounds.
This suggests that organisms feeding on sediment may
experience more exposure to lower K, chemicals (tetra-
and penta-PCDD/Fs) via the diet than equilibrium bio-
accumulation relationships would predict.

In summary, the equilibrium model best fits the HSC
lower chlorinated data, whereas it overpredicts the higher
chlorinated partitioning coefficients. Data suggest
fluxes of PCDD/PCDFs across interfaces. Ongoing
work to further explore these findings includes analysis
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of fingerprints to find relationships between possible
sources and observed contamination.
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