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a b s t r a c t

Sediments from a waste pit in Houston Ship Channel (HSC) were characterized using a number of mo-
lecular markers of natural organic matter fractions (e.g., pyrogenic carbon residues, PAHs, lignins), in
addition to dioxins, in order to test the hypothesis that the dispersal and mobility of dioxins from the
waste pit in the San Jacinto River is minimal. Station SG-6, sampled at the site of the submerged waste
pit, had the highest dioxin/furan concentrations reported for the Houston Ship Channel/Galveston Bay
(HSC/GB) system (10,000e46,000 pg/g), which translated into some of the highest reported World
Health Organization Toxic Equivalents (TEQs: 2000e11,000 pg/g) in HSC sediments. Using a multi-tracer
approach, this study confirmed our hypothesis that sludges from chlorinated pulps are a very likely
source of dioxins/furans to this pit. However, this material also contained large quantities of additional
hydrophobic organic contaminants (PAHs) and pyrogenic markers (soot-BC, levoglucosan), pointing to
the co-occurrence of petroleum hydrocarbons and combustion byproducts. Comparison of dioxin/furan
signatures in the waste pit with those from sediments of the HSC and a control site suggests that the
remobilization of contaminated particles did not occur beyond the close vicinity of the pit itself. The
dioxins/furans in sediments outside the waste pit within the HSC are rather from other diffuse inputs,
entering the sedimentary environment through the air and water, and which are comprised of a mixture
of industrial and municipal sources. Fingerprinting of waste pit dioxins indicates that their composition
is typical of pulp and paper sources. Measured pore water concentrations were 1 order of magnitude
lower than estimated values, calculated from a multiphase sorption model, indicating low mobility of
dioxins within the waste pit. This is likely accomplished by co-occurring and strong sorbing pyrogenic
and petrogenic residues in the waste pit, which tend to keep dioxins strongly sorbed to particles.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The 50 mile long Houston Ship Channel (HSC) connects the San
Jacinto River Basin to Galveston Bay (GB) and the Gulf of Mexico.
The HSC is the busiest waterway in the U.S., involving annual vessel
calls of more than 8300 large ships and 231,000 smaller
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commercial craft, including barges, carrying more than 230 million
tons of cargo. The Port of Houston is the sixth largest seaport in the
world and handles more foreign water-borne tonnage than any
other U.S. port. The HSC is also host to the largest petrochemical
complex in the U.S., and the 2nd largest in the world). Because of its
industrial/urban watershed, the HSC is highly polluted with hy-
drocarbons and persistent organic contaminants such as dioxins
from industrial and waste water effluents as well as runoff and
atmospheric wet and dry deposition. Due to continuous erosion
and deposition processes, the HSC needs to be continually dredged.
The dredged sediment material is, in turn, typically used for the
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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development of dredge spoil islands and wetlands.
Primary sources of dioxins to the environment include the

production of herbicides (Stellman et al., 2003), bleaching pro-
cesses in pulp and paper mills, metal smelting, and the incineration
of municipal and industrial waste (Fiedler, 1996; Hagenmaier et al.,
1992; Sonnenberg and Nichols, 1995; Wilken et al., 1992). Auto-
mobile exhaust and combustion of landfill gases represent some
non-industrial sources of dioxins (Hagenmaier et al., 1992). In the
1980s, pulp and paper mills were found to be important sources of
dioxins to the environment (Macdonald et al., 1998). Dioxins are
toxic and have a tendency to bioaccumulate in fish and benthic
invertebrates (Wenning et al., 1992). These compounds are persis-
tent in the environment due to their very long half-life and
increasing number of sources (Wenning et al., 1992). Therefore, the
mobility and bioavailability of these compounds has been a subject
of considerable concern (Louchouarn and Brinkmeyer, 2009).

Until end of the 1980's, the pulp and paper mills around the HSC
released their wastes directly as effluents into water bodies. The
collapse of the pulp industry in early 1996, caused the pulp and
paper mill in Pasadena to close its doors in January 1999 (Jensen
et al., 1999). Even with the paper mill no longer in use and no
longer producing contaminants, the environment was already
damaged from many years of solid waste being released into the
surrounding area of the HSC during its operation.

In 1990, an investigation of the HSC detected dioxins in fish and
crab tissue (Crocker and Young, 1990). As a consequence, the Texas
Department of Health issued a seafood consumption advisory for
catfish and blue crabs throughout the HSC and upper GB. This
advisory has remained in effect to the time of writing. The HSC was
subsequently placed on the list of impaired water bodies as
required by x303 (d) of the 1977 Clean Water Act (as amended,
1996). A total maximum daily loads (TMDL) study was then initi-
ated by the Texas Commission on Environmental Quality (TCEQ).
This study determined that dioxin concentrations exceeded the
Texas Surface Water Quality Standard at the time (0.0933 pg/L) in
more than 80% of all samples (Rifai et al., 2003; Louchouarn and
Brinkmeyer, 2009). Despite regulatory efforts aimed at reducing
dioxins during the past decade, Toxic Equivalents (TEQ) for dioxin
were exceeded in 76% of sediment, 97% of fish, and 95% of crab
samples analyzed. 2,3,7,8 Tetrachlorodibenzo-p-Dioxin (TCDD), the
most toxic congener, was the major contributor to total TEQs in all
samples (Rifai et al., 2003). In late 2005, the Texas Parks and
Wildlife Department and the TCEQ identified a waste pit from a
paper mill (‘Champion Mill’) on the San Jacinto River located in the
upper HSC. During the 1960e1970's, unofficial reports suggest of
‘mishaps’ regarding waste disposal from the mill including the
sinking of a paper mill barge and dumping of several tons of sludge
directly into the HSC. Since the closing of the paper mill, the site of
the sludge pits has slowly subsided and the earthen berms, meant
to isolate the pit from the river, have eroded (See Chronosequence
in Fig. 1 of SI; Koenig, pers. comm. 2009). In 2008, the pit was
placed in the EPA's Superfund program for cleanup. In 2011, a
reinforced concrete cap was installed to protect the river and
adjacent landowners from leaks. However, major storm and flood
events, such as the one experienced during hurricane Harvey in
August 2017, may weaken and/or erode the protective cap poten-
tially creating a situation in which dioxin contaminated sludge and
sediments could be released into the HSC and GB.

Sediments sampled in the waste pit, prior to its capping, contain
total dioxin concentrations as high as 46,000 pg/g dry weight
(Hieke et al., 2016). There are no quality standards for dioxins in
sediments, however, a conversion of sediment weight to volume
indicates that dioxin TEQs are 9 orders of magnitude greater than
the current surfacewater quality standard (0.078 pg/L; TCEQ, 2014).
The San Jacinto waste pit has since been officially listed as a federal
superfund site. High dioxin contamination in sediments extends
from the upper HSC to the Port of Galveston and Bolivar Roads
where ships enter the HSC from the Gulf of Mexico. Because of this,
the Texas Department of State Health Services issued a new seafood
consumption advisory for spotted sea trout and catfish in all of GB
In July 2008. Several additional monitoring studies of dioxin levels
in shrimp, crabs, and other finfish species in GB have been initiated
by the TCEQ (e.g. Howell et al., 2011).

Widespread occurrence of known dioxin-degrading bacterial
groups in the system of studywere confirmed byHieke et al. (2016),
who found Dehalococcoides spp. bacteria in sediments throughout
the HSC and GB. These authors determined half-lives of dioxins by
anaerobic co-metabolic processes in organic carbon amended mi-
crocosms to be of the order of several years, in agreement with
estimates by Adriaens and Grbic-Galic (1994). Anaerobic, sulfate
reducing conditions, necessary for enhanced microbial dioxin
degradation (Fu et al., 2001), were found to start from below a few
cm in all sediments sampled. However bulk organic carbon (�1%),
also essential for dioxin degradation, was found to be surprisingly
low (�1%), inmany of these sediments, except those from thewaste
pit.

Undisturbed aquatic sediments are considered to be a major
sink for dioxins (U.S. EPA, 2000). Because of their high hydropho-
bicity, free dioxins occurring in water rapidly partition to organic
carbon fractions (e.g., bulk organic and black carbon) in suspended
solids and are transferred to sediments (Broman et al., 1992; Muir
et al., 1992; Servos et al., 1992; Cornelissen et al., 2008a), like
other chlorinated hydrocarbons (Cornelissen et al., 2004, 2006).
Presence of black carbon, the most aromatic and condensed form of
pyrogenic residues, has been shown to greatly increase sediment
binding and thus, potentially decrease bioavailability of planar ar-
omatic molecules (e.g., Gustafsson et al., 2001; Cornelissen et al.,
2004, 2006; Lohmann et al., 2005) as well as lower their desorp-
tion rates. Other amorphous pyrogenic residues, like coal tar, can
have a similar effect as black carbon (Arp et al., 2009).

The ongoing dredging and local ‘disposal’ of dredged spoils in
the HSC and its GB transect, exposes and transfers dioxin deeply
buried in sediments to the surface environments and biota. In a
supplemental study of the impacts of dredging on the resuspension
of dioxins in the HSC, funded by the Texas General Land Office/
Coastal Management Program (TGLO/CMP) and the TCEQ, no sta-
tistically significant reduction of dioxin concentrations in sedi-
ments from actively dredged sites versus non-dredged sites were
found (Yeager et al., 2007), indicating that removal of these sedi-
ments will do little to alleviate the contamination.

The main objectives of the present research where a) to char-
acterize the sources of dioxin/furan inputs to the San Jacinto River
waste pit through congener fingerprinting and multi-tracer ap-
proaches, b) evaluate the potential remobilization of dioxins from
the waste pit to the HSC, c) estimate the sorption capacity of sed-
iments for dioxins/furans within the San Jacinto waste pit by
comparing measured porewater concentrations to those estimated
with a multiphase sorption model using organic and black carbon
concentrations measured in the sediments of study; and d) eval-
uate the role of co-occurring hydrophobic contaminants on sorp-
tion models.

2. Methodology

2.1. Field program

A total of seven coring stations (SG-1, 3, 4, 5, 6, 7, 8) were
identified, and samples were collected from each over two field
expeditions (Fig. 1), one in September 2006 and the second in April
2007. All cores were collected by divers. Sediment cores were



Fig. 1. Map showing all station locations, including stations located in NW Galveston Bay, the Houston Ship Channel, and lower San Jacinto River. Station SG-6 is at the paper mill
sludge waste pit.
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collected using PVC sleeves, physically driven to refusal (3e5 ft).
Two sets of shorter cores were also collected to facilitate sediment
pore water sampling (~60 cm) and RNA analysis (~30 cm). No
discernible core shortening was observed for any cores. Each core
was sub-sampled at centimeter intervals for the upper 50 cm and at
2 cm intervals thereafter. These subsamples were freeze-dried,
ground in a mortar and pestle, homogenized, labeled, and stored
for later analyses.

A total of 55 sediment cores were previously collected in 2004
from northwest Galveston Bay, the Houston Ship Channel, the
lower San Jacinto River, and the lower Trinity River floodplain,
Texas (Yeager et al., 2007). Three of these, two subaqueous cores
collected by divers using PVC sleeves (11,270 and 11,193) and one
terrestrial core collected from the wetlands adjacent to the Trinity
River in an aluminum sleeve (FW1), were used for BC, lignin phe-
nols and PAH analyses (shown in Fig.1). Finally, a series of sediment
grab samples were collected in 2004 (Fig. 1) and analyzed by a
research group at the University of Houston for dioxins (Rifai et al.,
2005).
A chronosequence of the waste pit site, based on a geocoded

series of aerial photographs, was provided by Larry Koenig (TCEQ;
see Fig. 1 of the Supplementary Information - SI). This series of
geocoded aerial photographs shows the evolution of the San Jacinto
wetland north of I-10 after transformation into the waste pit
illustrating periodic wash over and subsidence of thewaste pit after
emplacement.
2.2. Sedimentology and radiochemistry

Sediments were analyzed for grain size, 7Be, 137Cs, 210Pbxs ac-
cording to Santschi et al. (1999, 2009) and Yeager et al. (2004,
2007).

Samples from the other HSC cores were already analyzed for
physical properties (grain size and porosity) and radionuclides (7Be,
137Cs, and 210Pb) and results were presented in Yeager et al. (2007).
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2.3. Organic matter

The sediment core in the San Jacinto waste pit (SG-6; Fig. 1) was
analyzed for organic and black carbon (OC and BC, respectively) as
well as polycyclic aromatic hydrocarbons (PAHs) and terrigenous
and biomass combustion biomarkers (lignin-derived oxidation by-
products e LOPs, and levoglucosan, respectively). Determination of
Soot-BC, via Chemothermal Oxidation method at 375 �C in air
(CTO-375 method), as well as OC were described in detail by
Louchouarn et al. (2007). PAH extraction and quantification
methods followed the methods described by Kuo (2009) and
Louchouarn et al. (2012). Combustion sources of PAHs (pyrogenic
PAH) produce mixtures comprised primarily of non-alkylated PAH
containing typically 4e6 condensed ringsÇ (Barrick and Prahl,
1987; Lima et al., 2003). Terrigenous biomarker analyses were
performed using the CuO oxidation method according to
Louchouarn et al. (2010), whereas levoglucosan extraction and
analysis was performed according to Louchouarn and Brinkmeyer
(2009). For each parameter, replicate analyses of sediments and
standard reference materials (SRMs) were performed showing ac-
curacies close to 100% and variability values of <5e10% for OC, BC-
CTO, LOPs, and levoglucosan, and 10e20% for PAHs.

2.4. Dibenzo-p-dioxins and dibenzofurans

Some dioxin values were already determined for these samples
from a previous study using EPAMethod 1613B (Yeager et al., 2007),
while the rest of the dioxin samples (core SG-6) were analyzed by
Dr. Jermiah Shen (National Taiwan University) using the same
method. The dioxin fingerprints of the grab samples are also pre-
sented as a comparison to the core samples analyzed in the present
study.

2.5. Pore water dioxins

Dioxins in the pore water were determined with passive sam-
plers, according to Cornelissen et al. (2004). These passive samplers
are composed of sheets of plastic that get into equilibriumwith the
pore water. Pre-calibrated sampler-water distribution ratios are
then used to compute freely dissolved concentrations (Arp et al.,
2015).

3. Results and discussion

3.1. Sedimentology and radiochemistry

The depth of short term (~1yr) sediment mixing was deter-
mined using the 7Be profile for each core. Sediment mass accu-
mulation rates (MAR) using 210Pbxs were determined where
appropriate using the constant flux-constant sedimentation (CF-
CS) model (Robbins, 1978; Yeager et al., 2004), where sedimenta-
tion rates are calculated assuming steady-state conditions, little
sediment mixing, and at relatively constant porosity, using eq. (1a),
(b):

[A(z)]¼ [A(0)]exp(-az) (1a)

a ¼ (l/S) (1b)

where [A(z)] and [A(0)] are the 210Pbxs activity concentration at
depth z and at the sediment-water interface, respectively; S is the
sediment MARs (g cm�2 yr�1) and l is the isotope decay constant
(210Pb¼ 0.031 yr�1). Some 210Pbxs profiles (Fig. 23 SI) confirm
episodic deposition events over a longer time frame and as such are
unsuitable for use in determining a sediment MAR. Sediment MARs
have also been determined where possible using 137Cs by eq (2):

S ¼ (Apk/T) (2)

where Apk is the mass depth (g cm�2) at which the 137Cs maximum
occurs (1963), or alternatively, the first time 137Cs can be deter-
mined (1953), and T¼ time (yr) since 1963 or 1953. This model
assumes limited vertical mobility of cesium in sediments (Wenning
et al., 1992). Sediment chronology was determined, where appro-
priate, using the mean 210Pbxs and 137Cs derived sedimentation
rates. Radionuclide inventories (Tables 1 and SI) indicate that
substantially more 7Be, 137Cs and 210Pbxs are present in these sed-
iments than can be accounted for by atmospheric deposition in the
Houston area (Santschi et al., 1999), indicating sediment focusing
effects, i.e. the process of sediment redistribution within a basin by
hydrological transport to a particular coring location (e.g. Chillrud
et al., 1999).

Profiles of 7Be, 137Cs, and 210Pbxs (difference between total and
226Ra supported 210Pb), along with grain size, are given in
Figs. 2e30, SI. Tabular results are summarized in Tables 1e8, SI.
Core SG-6 (N29.79,402�, W95.06218�), collected on April 14,
2007 at the site of a paper mill sludge waste pit located where the
San Jacinto River and the upper HSC meet (Santschi et al., 2009),
exhibited low surface mixing and bioturbation, as indicated by
shallow penetration of 7Be into the sediments (Fig. 22 SI), indi-
cating limited vertical movement of sediment, with mixing
confined to the near surface (3 cm or 2.67 g cm�2). However, lateral
transport of different types of sediment produced a layered sedi-
ment structure with abrupt changes in grain size and chemical
characteristics. This is illustrated in Fig. 23 SI. While the upper and
lower portions of the section are dominated by fine-grained sedi-
ments (silt and clay), the chaotic distribution and importance of the
sand fraction in the middle portion of the section (~20e35 g cm�2)
indicates episodic deposition.

A minimum estimate of sediment MAR is possible using the
137Cs profile (Fig. 24 SI). The maximum depth of measurable Cs
indicates a minimum sediment MAR of 1.14± 0.02 g cm�2 yr�1

(Table 1 SI). The 137Cs peak at 65 cm amounts to 44 years since 1963
(the peak bomb fallout year), and the first appearance of 137Cs in
sediments amounts to 54 years since 1953. This yields an average
sedimentation rate of 1.5 cm/yr.

3.2. Organic matter fractions

In core SG-6, OC values fluctuated through depth with peak
values at 10 cm (~2%) and between 31 and 37 cm depth (~4e8%,
Fig. 2, Table 9 SI). Lignin concentrations (represented as the sum of
eight phenol oxidation products: S8) followed this same trend,
with values ranging from ~1 to 12mg/g (Fig. 2; Tables 12 and SI). In
particular, the very high lignin oxidation product (LOP) concen-
trations observed mid-depth (32 cm) for SG-6 (10e12mg/g), match
lignin levels in pure plant organic matter (OM); this has only been
reported in the environment in sediments heavily impacted by
pulp and paper mill effluents (Louchouarn et al., 1999). Low cin-
namyl:vanillyl (C/V) and high syringyl:vanillyl (S/V) phenol ratios
for these sediments identify the source of the lignin as woody
material from angiosperm species (Go~ni and Hedges, 1992). The
strong relationships between lignin and OC (r2¼ 0.91) and the high
C/N values (15e60; Fig. 2) confirm the terrestrial nature of OM
throughout this core. Similar combinations of elemental ratios and
LOP concentrations have been reported in coastal sediments
heavily impacted by the dumping of pulp mill wastes (Macdonald
et al., 1992; Louchouarn et al., 1999).

Values for BC fluctuated throughout the SG-6 core (Fig. 3), with
three large peaks at 10, 32 and 80 cm depth (0.2, 0.3 and 0.4%,



Fig. 2. Organic carbon concentrations (OC, percent weight), atomic carbon:nitrogen
ratios (C/N), and lignin (S8, sum of eight lignin-derived phenols in mg/g) concentra-
tions in sediment core SG-6 in the San Jacinto waste pit, which collectively indicate
terrestrial sources. Lignin confirms the large inputs of pulp and paper waste products
as well as flooded wetland vegetation.

Fig. 3. Hydrophobic organic contaminants (PAHs), BC geosorbents (Chars and Soot), in
Core SG-6. PAH confirm combustion by-products and large hydrocarbon dumping; BC
(soot) confirms high-temperature combustion by-products (correlated to PAHs) and
levoglucosan confirms biomass low-temperature combustion (correlated to BC and
PAH). The trends in co-occurrence of all these markers are unique to this environment
and are not seen elsewhere.
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respectively; Fig. 3). BC comprised 2e14% of the OC, with an average
value of 7%, close to the literature average for 90 sediments of 9%
(Cornelissen et al., 2005, 6881). The concentrations of Levocluco-
san, an unambiguous marker of biomass combustion (Kuo et al.,
2008; Louchouarn and Brinkmeyer, 2009), also peak at these
three depths suggesting the presence of a wide range of combus-
tion byproducts from low temperature chars (characterized by
levoglucosan but completely missed by BC-CTO) to high tempera-
ture, condensed pyrogenic carbon from fossil sources (character-
ized by BC-CTO).

BC values at the other studied sites were variable and low
(0.04e0.37%). The values were not consistent on a regional scale,
suggestingmore localized inputs. Station UH11270 (Table 11 SI) had
the highest proportions of BC as a fraction of OC (6e76%), showing
the importance of combustion processes on inputs to these sedi-
ments. PAH concentrations were also variable, with the pit (SG-6;
Table 12 SI) usually showing the highest values. Sources were found
to be a mixture of pyrogenic and petrogenic inputs with the pro-
portion changing dependent on location. This indicates that inputs
of PAHs to the environment are not exclusively from combustion
processes. Such a mix of sources is to be expected in the ship
channel of a petrochemical complex since PAHs could also be added
through oil spills.

3.3. Fingerprinting of PCDD/Fs - sources and fate of dibenzo-p-
dioxins and dibenzofurans

Complete dioxin congener data are provided in the
Supplementary Information (SI) Section (Tables 14 and 15 SI),
including specific concentration data on the most toxic dibenzo-p-
dioxin and dibenzofuran congeners (2,3,7,8 TCDD and 2,3,7,8 TCDF,
respectively), toxicity-based concentrations (toxic equivalents:
TEQ) for each interval, and the chronological data derived from the
radionuclides where possible.

Throughout the HSC, dioxins showed large variations in con-
centrations that spanned 4e5 orders of magnitude (Fig. 4;
Tables 14e15 SI). The present study confirmed the expectation that
total PCDF would be higher in the pit site sediments (SG-6) than
values for total PCDD. In contrast, at all other locations in the HSC,
total PCDDs were higher than total PCDFs in the sediments, leading
to a 2e3 orders of magnitude shift in the PCDD/PCDF ratio from the
reference site (FW1: ~32) to the pit site (SG-6 and Sta15: 0.4e1.8). In
addition, it has been shown that since dibenzodioxins (DBD) have a
higher reactivity with respect to dechlorination than dibenzofurans
(DBF), a small number of lower chlorinated PCDD are expected to
be detectable due to pulp chlorination (Dimmel et al., 1993). This
also be the case for the sludge pit samples.

As expected, the sludge waste pit (SG-6) showed the highest
dioxin concentrations, confirming the high contamination of this
area. The combined total PCDDs and PCDFs ranged from ~10,000 to
~46,000 pg/g (Fig. 5). In this core, approximately 50e70 percent of
the total amount of dioxins present in each sediment depth interval
were represented by 2,3,7,8-TeCDF, which is primarily associated
with pulp mills by-products (Macdonald et al., 1992). 2,3,7,8-TeCDF
was 2- to 6-fold higher than OCDD, the second most common
congener in these sediments. 2,3,7,8-TeCDD was also substantial,
but TeCDF was still approximately four to six times more prevalent.
This distribution of congeners is expected for bleached pulp
(Dimmel et al., 1993).

The shift in concentrations and congener ratios (TCDD/OCDF
and TCDF/OCDF), and therefore source inputs, is clearly illustrated
in Figs. 4e5. Both figures show the orders of magnitude difference
in total dioxins, and specifically of tetra-chlorinated congeners,



Fig. 4. Concentrations and tetra-to octa-chlorinated PCDD and PCDF in HSC stations. Error bars represent 1 std deviation around mean of the respective core.
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between waste pit and the reference site (FW1). The TCDD/OCDD
vs. TCDF/OCDF in sediments of the waste pit (SG-6 core and 15-G),
when graphed on a property-property plot (Fig. 6), fall along or
even above the pulp and paper end member signatures, confirming
the origin of the pit waste sludge. Only two other stations (11 and
14) show values that seem substantially impacted by pulp sludge
materials (within 10% of the pulp and paper signatures). Very
rapidly, the signatures of the HSC cores drop towards values that
are more typical of other industrial processes and atmospheric
particulate fallout, all enriched in octa-chlorinated PCDD/Fs
(Wenning et al., 1992; Baker and Hites, 2000). The strong shift in
signatures observed just south of Interstate-10 (stations 11,193-G
and 11,193-core) further suggests that contaminated sediment
particles from the pit had not been remobilized substantially and
redistributed throughout the entire HSC system at the time of
sampling. Deviating from this trend, several core intervals in station
11,270 plot closer to the pulp and paper endmember signature than
the closer station 11,193. Station 11,270 is in the second “hottest”
area of HSC sediment and water concentrations. It was selected
because it lies near or downstream from a former paper mill
wastewater discharge points (Abitibi-Consolidated paper Mill at
Sheldon, Texas outfall within sight of 11,270). The increase in TCDD/
OCDD and TCDF/OCDF ratios in these sediments seems to support
the idea that pulp and paper effluents inputs have contributed
substantially to the PCDD/F load at that location. Station 11,270 is
also near discharges by other types of potential dioxin sources: a
herbicide plant, a plastics plant, a chlor-alkali plant (now closed), a
steel mill, and petrochemical plants. Inputs of PCDD/Fs in the rest of
the HSC are thus probably due to sources other than the pit sludge
materials and may include a combination of industrial point-
sources, incineration of municipal and industrial waste, and sec-
ondary by-products of atmospheric photochemical reactions of
chlorinated compounds (i.e. pentachlorophenol). The predomi-
nance of OCDD/Fs in the reference (control area) at the FW1 core
strongly indicates atmospheric inputs as the primary source in this
area (Baker and Hites, 2000; Yeager et al., 2007).

Different industrial processes produce PCDD and PCDF in
different proportions. Therefore, as shown in Fig. 6, congener ratios
can be used as first-hand indicators of source fingerprints of dioxins
in sedimentary systems. At the locations in the HSC away from the
pulp mill, PCDD values on average exceeded those of PCDF by a
factor of 26. On the other hand, at the pulp mill site, the majority of
dioxins present were PCDFs. The difference in the isomeric distri-
butions found between these samples and those of the pulp waste
site suggest different sources, with pulp mill acting as a point
source to the SG-6 site, but with little to no influence on areas away
from the mill indicating limited PCDD/F transport away from the
waste pit site. A caveat to this interpretation is that the sampling for
the present study was performed before to Hurricane Ike (which
itself occurred prior to the capping of the waste pit). So, a more



Fig. 5. Total concentrations of dioxins and furans (PCDD and PCDF, respectively) in
Core SG-6. The ratio of tetra-chlorinated to octa-chlorinated furans along core depth is
also plotted in comparison to the average value observed in other HSC cores (red line)
and showing 2e3 orders of magnitude higher values in support of pulp and paper mill
source inputs. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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accurate evaluation of the potential redistribution of contaminated
sediments post-flooding events needs to be performed before a
conclusion on efficient sequestration in the pit can be reached.
Similarly, the uniqueness of the dioxin fingerprints and the high
concentrations in the waste pit offer an ideal opportunity to assess
potential stability of the contaminated sediments under the
capping protection following extraordinary flooding conditions
such as were experienced during Hurricane Harvey.
Fig. 6. Graph of TCDD/OCDD vs. TCDF/OCDF ratios, indicating that SG-6 data plot within cl
origin of the pit waste sludges is pulp and paper. Literature values for pulp and paper end
3.4. Relationships of dioxins to other organic matter compounds

Lignin concentrations show a relationship to polychlorinated
dibenzodioxins and furans (PCDD/Fs; Fig. 7) in the top and bottom
sediments of core SG-6 (r2¼ 0.61), suggesting that the inputs of
these HOCs are tightly linked to some inputs of pulp and paper
waste products. This finding is consistent with earlier findings
showing that chlorination of pulps was a strong source of PCDD/Fs
to the aquatic environment until environmental regulations and/or
changes in industrial processes have curbed such point-source
emissions (e.g., Jonsson et al., 1993). However, a strong discrep-
ancy exists in this relationship for themiddle of the core (30e45 cm
depth), which is characterized with extreme lignin concentrations
for sediments (Louchouarn et al., 1999) but moderate PCDD/F
concentrations relative to top and bottom values. The organic
matter in the mid-section of the core may represent pulp waste
highly enriched in lignin following mechanical separation from
cellulose (rather than chemical, which is responsible for PCDD/F
formation). More importantly, the substantial relationship between
lignin and PAHs (r2¼ 0.92 in the 30e45 cm interval and 0.68 along
the entire core) further suggests that the pulp waste products
regardeless of production, were heavily contaminated with a suite
of HOCs. On average, about a quarter (24± 7%) of all PAHs were
derived from combustion (pyrogenic), whereas the rest tended to
be mostly from petrogenic sources. The relationship existing be-
tween soot-BC and pyrogenic PAHs (r2¼ 0.63) and levoglucosan
(r2¼ 0.89), further confirms the abundance of a mixture of com-
bustion by-products in the waste sludge deposited in the pit. To our
knowledge, this is the first and only study that reports co-
occurrence in sediments of pyrogenic products from the entire
combustion continuum. All prior studies have reported decoupling
of high-temperature vs. low-to mid-temperature pyrogenic
byproducts (Louchouarn et al., 2007; Kuo et al., 2011; Hanke et al.,
2017), highlighting differences in the long-range atmospheric vs
more local to regional hydrologic transport mechanisms for
transfer of soot vs charred pyrogenic materials to sediments (Hanke
et al., 2017). The high concentrations of all pyrogenic byproduct
classes and their strong co-occurrence in core SG-6 suggest that the
waste material was either burned prior to dumping, or burned on
site prior to the site's subsidence and subsequent capping.
ose range of the pulp and paper end member signatures, which strongly indicates the
member are from Rappe et al. (1987) and Macdonald et al. (1998).



Fig. 7. a: Correlation between dioxins and lignin phenols found in the San Jacinto waste pit (SG-6). b: Correlation between PAHs and lignin phenols. c: Correlation between
levoglucosan (marker of low temperature biomass combustion products) and BC (marker of high temperature combustion byproducts). d: Correlation between pyrogenic PAHs and
BC.

P. Louchouarn et al. / Environmental Pollution 238 (2018) 988e998 995
3.5. Dioxin mobility

To evaluate the capacity for these sediments to release dioxins
to the water column (through equilibrium with pore water), the
theoretical sorption and free porewater concentrations (CPW)
(ng.L�1) of dioxins were estimated based on a three-phase model
which incorporates both amorphous OC and soot-derived BC as
sorbents (eq. (3)):

CS¼ fAOCKAOCCW þ fBCKBCCPW
hF,BC (3)

Cs is the sediment dioxin concentration (ng/kg); fAOC and fBC are,
respectively, the sediment mass fractions of amorphous OC and BC;
KAOC is the AOC-water distribution ratio (L/kg); Cpw is the freely
dissolved dioxin equilibrium concentration in porewaters (pg/L);
KBC is the concentration-independent Freundlich BC-water distri-
bution coefficient ((pg/kg BC)/(pg/L)); and hF,BC is the Freundlich
exponent of BC sorption. No literature values are available for hF,BC
for dioxins. Therefore, the empirical value for phenanthrene (0.61)
was used in this model to calculate the sorption to BC (Cornelissen
et al., 2008a).

In the KAOC-BC model, theoretical values of Cw were modeled
based on known solid-phase dioxin, amorphous organic carbon
(AOC), and BC concentrations in the sediments of study and
empirical KAOC (L.kg�1) and KBC (ng.kg�1 BC)/(ng.L�1) values. KAOC
and KBC were obtained from extensive studies in comparable en-
vironments (Cornelissen et al., 2008a, 2008b). The results of the
models allowed for the calculation of the potential saturation of the
sorbents or, on the other hand, the preservation of hydrophobic
contaminants in the solid phase. These calculations can help
discern if dioxins are either being released into thewater column or
taken out of the water column with a subsequent decrease in their
potential bioavailability through sorption.

The results of these calculations show that pore water TEQ
concentrations of dioxins measured directly with passive samplers
were one order of magnitude lower than estimated values from the
multiphase sorption models using KOC, KBC values, indicating
limited dissolution of dioxins in SG-6 sediments (Fig. 8). This
observation also suggests that sediments in the HSC have enough
sorption capacity, which exceeds that predicted from the empirical
models and accounting for the presence of pyrogenic geosorbents.
This excess sorptive capacitymay be due to the unique nature of the
combusted pulp and paper sludge material, which keeps the freely
dissolved fraction of HOCs to a level ~0.1e0.2 pg/L. Arp et al. (2009)
discussed how non-BC pyrogenic and petrogenic residues can
contribute to strong sorption, such as observed here. Further, much
of the dioxins present could be essentially trapped in areas in the
sediment that have small pores or are otherwise inaccessible to
porewater.



Fig. 8. Predicted and measured pore water dioxins/furans toxicity-weighted concen-
trations. (toxic equivalents or TEQs) at SG-6, showing an order of magnitude difference
(lower) between prediction and measurement, which is within “error” of models (less
than ± factor 30 for KOC; Arp et al., 2009). Measured porewater concentrations
(1.1e2.6 pg/L) were obtained using passive samplers (Cornelissen et al. 2008a,b) on a
few depths, with sediment concentrations ranging 9000e46,000 pg/g (~70%of TEQ
contributed by TCDD). Estimated porewater TEQs (total concentrations of 12e30 pg/L)
were also calculated using an empirical sorption model (Cornelissen et al. 2008a,b) and
measured geosorbent concentrations (OC and BC). The red line marks the most recent
Texas Surface Water Quality Standard for dioxins (expressed as TEQ). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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3.6. Environmental implications and relevance

The unique and diverse environmental forensics approach pre-
sented in this paper, which used organic biomarkers to distinguish
possible contamination sources, could be used in other contami-
nated sites, including super fund sites, to identify the sources and
mobility of PCDD/F or similar contaminants. Our finding of the
immobile behavior of PCDD/F within pulp and paper residue waste
pit may indicate that PCDD/Fs are immobile in other such waste
pits. However, remobilization can also occur through migration of
colloidally bound dioxins, which might still be bioavailable. Haye
et al. (2006) clearly showed that colloidally bound trace elements
were still bioavailable to oysters, though that bioavailability
depended on co-factors such as the presence of alginates, and
likely, on kinetics. On the other hand, studies of Karlsson et al.
(2009) and Sobek et al. (2014) indicate only a small chance that
aged dioxins in the colloidal size fraction would be bioavailable.
Furthermore, confirming our results of limitedmobility of waste pit
dioxins, PCDD/Fs results from tissue analyses of catfish and crabs
that were carried out decades ago (Suarez et al., 2005) indicate
significant differences from those of thewaste pit sediments shown
here (e.g., Fig. 6). This would strongly suggest that bioavailability of
waste pit dioxins is limited, and other, more diffuse, sources, are
responsible for bio-uptake in the HSC.
4. Conclusions

Sediments of a waste pit in the San Jacinto River (Station SG-6)
are characterized by the highest dioxin/furan concentrations re-
ported for the HSC/GB system (10,000e46,000 pg/g), which
translated into extremely high World Health Organization Toxic
Equivalents (TEQs: 2000e11,000 pg/g). Using a series of different
markers, including lignin and dioxin congener signatures, this
study confirmed our early assumption that sludges from chlori-
nated pulps are very likely sources of dioxins/furans to this pit.
However, this material also contained large quantities of additional
hydrophobic organic contaminants (PAHs) and pyrogenic markers
(soot-BC, levoglucosan), suggesting the presence of a complex
mixture of petroleum hydrocarbons and combustion byproducts.
The very high levels of combustion-derived contaminants (low and
high temperature pyrogenic byproducts), suggest that the sludge
wastes were either pre-combusted before dumping, or combusted
onsite prior to burial.

Comparison of dioxin/furan signatures in the waste pit with
those from sediments of the HSC and the control site suggest that
the remobilization of contaminated particles had not occurred
beyond the close vicinity of the pit itself. The sediments of the HSC
thus receive more diffuse inputs, entering the sedimentary envi-
ronment through the air and water, which are comprised of a
mixture of industrial and municipal sources.

Using an empirically-derived multiphase sorption model and
concentrations of geosorbents and dioxins present in sediments,
the estimated porewater concentrations (CPW) in the pulp mill
waste pit were an order of magnitude higher than pore water
concentrations measured directly with passive samples, indicating
limited dissolution of dioxins in SG-6 sediments. This further sug-
gests that diffusive transport of dioxins is very unlikely from these
sediments and that the only potentially significant export mecha-
nism from the waste pit is advective transport of particulate- or
colloid-sorbed dioxins. The very unique fingerprint signatures of
these compounds in the waste pit makes it easy to track their po-
tential release following major erosional events, such as may have
happened during the recent catastrophic flooding resulting from
hurricane Harvey.
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