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ABSTRACT

Emissions of black carbon (BC), the soot and char formed during incomplete combustion of
fossil and biomass fuels, have increased over the last century and are estimated to be between 8
and 270 Tg BC/yr. BC may affect problems as diverse as global warming, human health, carbon
cycling in ecosystems, and pollutant dynamics. However, currently there is substantial
uncertainty with respect to the fate of BC released to the environment. To increase our
understanding of BC's fate and effects, modifications to the Chemo-Thermal Oxidation method
at 375 'C (CTO 375), a current method used to quantify BC in marine sediments, were made to
measure BC concentrations in, and fluxes out of, the water column in the Gulf of Maine (GoM),
a representative coastal area downwind of important BC sources of the Northeastern United
States. In addition, an alternative method to infer BC concentrations in seawater by observing
pyrene fluorescence losses (PFL) in spiked samples was developed. Average concentrations
measured in the GoM were 5 and 4 [tg/L using the modified CTO 375 and PFL methods,
respectively. Although these two methodologies involve independent observations,
correspondence between the modified CTO 375 and PFL methods suggested that the isolated
material was both highly sorptive and refractory. These concentrations also suggested that (a) up
to 50% of the "molecularly uncharacterized" particulate organic carbon (POC) in surface
seawater is BC; (b) the presence of this recalcitrant organic carbon may explain why some POC
is not recycled to CO 2 during its transport to depth and even within the sediment beds below; and
(c) hydrophobic pollutants like polycyclic aromatic hydrocarbons (PAHs) and dioxins would
have their "bioavailabilities" controlled by sorption to BC. The observed BC spatial distributions
and average water-column export fluxes near 10 gBC/m 2 year imply that most of the BC is
carried offshore by wind and is accumulated in the coastal zone. Finally, sediment records of
CTO-375-derived BC inputs into the GoM for the past 100 years were consistent with historical
changes in fossil and biomass fuel emissions to this area.
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CHAPTER 1. GENERAL INTRODUCTION

While carbon dioxide (CO2) gains the greatest attention as a product of combustion processes,

other products such as black carbon (BC), the soot and char formed and emitted during the

incomplete combustion of fossil and biomass fuels (Kuhlbusch, 1995), warrants awareness. BC,

is widely distributed (e.g., Goldberg, 1985; Masiello and Druffel, 1998; Park et al., 2003;

Schmidt and Noack, 2000; Suman et al., 1997), and recent studies show that BC in the

atmosphere exerts an important influence on global warming and may be responsible for the

floods and droughts in recent years in China and India (Menon and Hansen, 2002) by absorbing

solar radiation, cooling the ground underneath (Jacobson, 2004; Kaufman and Fraser, 1997), and

participating in cloud droplet nucleation (Kaufman and Fraser, 1997). In addition, it has been

suggested that BC is carcinogenic and affects respiratory health due to dust retention in the lungs

(Dockery, et al., 1993; Grigg, 2002; Kiinzli, 2000); BC formation sequesters carbon into a

microbially and chemically inert material that would otherwise turn into CO 2 (Kuhlbusch, 1995);

BC may represent an important fraction of the uncharacterized and old 14C organic carbon buried

in sediments; and BC can represent an important carrier-phase of organic pollutants such as

polycyclic aromatic hydrocarbons (PAHs) and polychlorinated dibenzodioxins (PCDDs),

affecting their transport and transformations in the environment by substantially controlling their

speciation (Lohmann et al., 2005). In light of these diverse effects, it is paramount that we

understand what controls the environmental distributions of BC itself, if we hope to predict and

control future impacts of this important combustion product.

Despite the immediate need to better understand the lifetime of soot in the atmosphere and

the fate of this material once it settles out, there is a low level of scientific understanding



regarding the sources, sinks, transport, and chemical transformations of soot in the environment

(IPCC, 2001). Unlike CO 2 that is well defined and relatively easy to measure, BC represents a

spectrum of materials that range from slightly charred biomass to soot, and no single definition

or technique to measure it has been established. Additionally, unlike greenhouse gases, soot has

a short residence time in the atmosphere (from days to weeks) and its concentrations and

properties can vary significantly depending on the sources and locations (e.g. rural vs. urban-

industrial areas). Finally, unlike CO 2 where the main contributors are developed regions like

North America, Europe and Japan, BC emissions are largest in the developing world, where

China and India are of great importance to the global total emissions (Bond et al., 2004).

Several measurements of BC have been made in soils, oceanic and lacustrine sediments, and

the atmosphere (e.g., Bond et al., 2004; Goldberg et al., 1981; Schmidt and Noack, 2000; Suman

et al., 1997) and the results have been used to infer BC transport and transformation processes

(Figure 1). However, there are only few measurements of BC in river and estuary water (e.g.,

Mannino and Harvey; 2004; Masiello and Druffel, 1998; Mitra et al., 2002). Since BC is found

in coastal and open ocean sediments, it is reasonable to assume that BC travels through the

oceanic water column in particulate matter. After production, BC particles smaller than 100 gim

can travel hundreds (within the planetary boundary layer) to thousands (within the free

troposphere) of kilometers (Garstang et al., 1997; Seinfeld and Pandis, 1998) reaching even the

most remote ocean sites (Currie, 2000; Goldberg, 1985). However, there are no measurements

of BC in particulate organic matter in coastal or open oceans. As a result, currently we do not

know: (1) the relative importance of BC transport to the sea via rivers versus through the

atmosphere; (2) the percentage of particulate organic carbon (POC) in seawater that is BC; (3)



the fluxes of BC out of the water column; and (4) whether any BC transformation mechanisms

might occur within the water column.

Atmosphere 0.0012 Pg

Atmosphere Transport 1.2 Tg BC/yr

Fossil Fuel BC
12-24 Tg BC/yr

Biomas
10-30 T
40-240

4
ean
C/yr

cean

00 Pe
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Soils River & Rune
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2000-5000 Pe BC

Figure 1. Black Carbon (BC) cycling in the environment: sources, fluxes and major reservoirs.
Sources are in normal text, fluxes are in italics, and reservoirs are in bold (Figure adapted from
Kuhlbusch, 1998; data from Czimczik et al., 2003; Dickens et al., 2004, 2004b; Hedges and Keil,
1995; Kuhlbusch and Crutzen, 1995; Masiello and Druffel, 1998; Masiello and Druffel, 2001;
Mitra et al, 2002; Penner at al, 1993; Schmidt and Noak, 2000; Suman et al., 1997).



One of the main reasons for the lack of measurements in aquatic environments is the absence

of a procedure to collect and quantify BC among potentially interfering matrices. BC

quantification methodologies need to be able to differentiate between three different types of

carbon: inorganic carbonates (IC), organic carbon that has not been thermally altered (OC), and

BC. Present BC measurement techniques have been developed around the field of study of

interest, and they are often designed to measure a particular characteristic of interest in a specific

sample matrix. For example, atmospheric scientists are interested in a technique that relates to

light absorption (hence blackness) of BC (e.g., Hansen et al., 1983; Liousse et al., 1996) in a

matrix with relatively low concentrations of interfering particles. In contrast, geologists are

mainly interested in the refractory properties of BC (e.g., Schmidt and Noack, 2001; Czimczik et

al., 2003) in a more complex matrix with interfering particles at very high concentrations. A

method that has been widely used and tested against potentially interfering materials in soils and

sediments is the thermal oxidation method known as CTO 375 (Chemo-Thermal Oxidation at

375oC). However, recent studies have questioned the applicability of this method to quantify

samples containing appreciable amounts of proteins, lipids, and carbohydrates, such as

particulate organic matter (POM) in aqueous environments (Gustafsson et al., 1997; Gustafsson

et al., 2001; Gelinas et al., 2001; Accardi-Day, 2003).

This thesis presents the first measurements of BC concentrations in POC samples collected

from coastal seawaters and BC export fluxes from the water column. This study also presents

the first comparison between BC fluxes out of the atmosphere into the water, out of the water

column into the bed, and into the bed sediments in a coastal ocean. To this end, river water,

coastal seawater, and sediment samples were collected from the Gulf of Maine (GoM), a

representative coastal area downwind of important industrial and urban BC sources along the



Northeastern coast of the United States of America, in April and September of 2004. BC content

in seawater was measured using the CTO 375 method (Gustafsson et al., 1997) with pre-

combustion modifications to avoid charring. In addition, in order to examine the accuracy of the

measurements, two secondary approaches to estimate BC were considered. First, since BC has a

strong affinity for pyrene (Accardi-Dey and Gschwend, 2002), BC concentrations were inferred

by observing diminished pyrene fluorescence when the samples were added to 1 ppb pyrene

solutions. Second, geochemical consistency was verified within our samples, and between our

measured water column export fluxes, atmospheric BC deposition estimates, and sediment burial

in this region. Finally, to characterize the cycling of BC in the GoM, we calculated the various

BC sources and sinks into and out of the GoM using box models that included estimates of

atmospheric deposition and sedimentation rates.

Organization and contributions of this thesis

The contributions of this thesis are multidisciplinary. Measurements of BC in seawater

provide useful information to account for BC losses and residence times in the water column;

fluxes of BC out of the water column provide useful information to constrain atmospheric

deposition and sedimentation rates allowing a better assessment of the influence of BC in

different environments and the global carbon cycling; and finally, information about BC

concentrations in seawater and sediments provide more accurate information to estimate sorption

of hydrophobic organic compounds to the solid phase. The outline of this thesis is as follows:

Chapter 2 describes the CTO 375 methodology and the modifications made to this technique

to prevent overestimation in matrices with high concentrations of interfering material. The

modified CTO 375 was then tested with positive and negative controls, and applied to

environmental samples of seawater POM. To have a better understanding of the physical,



chemical, and biological dynamics of the GoM, and to better assess the processes that might

influence the fate and transformations of OC (and BC) in this coastal area, in Chapter 3 the

cycling of OC in the GoM is assessed, and some of the main inputs, outputs, and particulate

export fluxes of OC from the surface waters are identified. In Chapter 4, the modified CTO 375

methodology is applied to seawater POM samples collected during two cruises to the GoM in

April and August, 2004. Using ancillary data, BC export fluxes from the water column are

estimated; and geochemical consistency between atmospheric deposition and sedimentation rates

is used to address the accuracy of the measurement. A mass balance is then used to estimate the

main inputs, outputs, and possible transformations of BC in the water column. Chapter 5

describes the use of a novel methodology to measure BC by observing pyrene fluorescence

losses (PFL) in a spiked sample, and compares the measured BC concentrations with the

modified CTO 375 method in selected positive and negative standards, and our samples collected

in the GoM. In Chapter 6 measurements of BC in sediment records provide information to

assess the temporal and spatial variations in BC inputs into the GoM over the last 100 years.

These observations indicate changes in the intensity and occurrence of BC sources and transport

mechanisms in past decades. Chapter 7 is a concluding chapter to summarize the outcomes and

implications of this study, and propose directions for future research in this area.
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CHAPTER 2: EXAMINATION OF THE USE OF A THERMAL OXIDATION METHOD

TO QUANTIFY BLACK CARBON IN SEAWATER PARTICULATE ORGANIC

CARBON

Abstract

Black carbon (BC), the name given to the material produced during incomplete combustion of

biomass and fossil fuels, has potential implications for carbon sequestration. Nevertheless, due

to scarce measurements of BC in the aqueous environments, we cannot currently assess the

importance of BC cycling in the global carbon cycle. A method that has been widely used and

tested against potentially interfering materials in soils and sediments is the thermal oxidation

method known as CTO 375 (Chemo-Thermal Oxidation at 3750 C). However, recent studies

have questioned the applicability of this method to quantify BC in samples containing

appreciable amounts of proteins, lipids, and carbohydrates, such as particulate organic matter

(POM) in aqueous environments. In this chapter, the potential of the CTO 375 method is

examined for quantifying BC in seawater POM after a series of sample manipulations to increase

oxygen penetration into the sample matrix. To this end, we tested the modified CTO 375 method

in positive and negative BC controls, as well as seawater phytoplankton as a proxy for seawater

POM; then we applied the method to natural seawater POM. Our results suggest that such

manipulations reduced charring of the non-BC, while underestimation of BC, if any, was

minimal. BC concentration measured in natural seawater POM using this modified CTO 375

method of 3.41 ± 0.74 gg/L was consistent with previous measurements of BC in sediments.

These results promote the application of this method to measure BC in seawater POM, while

pointing out the importance of 02 diffusion relative to heat diffusion in potentially interfering



matrices. Further testing of this method in natural seawater POM will provide valuable

information to estimate BC budgets in the ocean, and to assess the impact of this material on the

global carbon cycle.



1. Introduction

Black carbon (BC) is the name given to the soot and char produced during incomplete

combustion of biomass and fossil fuels. Emissions of these materials have increased over the

last century and are estimated to be between 6 to 24 Tg BC/yr for fossil fuels (Hendricks, 2004;

Penner, 1993; Reddy, 2004) and 50 to 270 Tg BC/yr for biomass fuels (Kuhlbusch, 1995). Black

carbon formation places carbon that would otherwise turn into CO2 into a material relatively

resistant to degradation in natural environments (Mader et al., 1997; Masiello and Druffel, 2003;

Middleburg et al., 1999; Kuhlbusch and Crutzen, 1995). As a result, BC affects the dynamics

and storage characteristics of organic matter by removing carbon from a fast cycling biosphere

into a long-term geological carbon cycle. Thus, BC might account for 2-16% of the 1800 to

2400 Tg C/yr of the "missing C" of the dynamic carbon cycle.

Although measurements of BC have increased in the past 30 years (Masiello, 2004), little is

known about the fate of BC transported along rivers and the size of the ocean BC reservoir.

Measurements of BC in the atmosphere (e.g., Bond et al., 2004; Cooke and Wilson, 1993; Park

et al, 2003), soil (e.g., Accardi-Dey and Gschwend, 2003; Czimczik et al., 2003; Schmidt and

Noack, 2000; Schmidt et al., 2001), and sediments (e.g., Gustafsson and Gschwend, 1998;

Masiello and Druffel, 1998; Middleburg et al., 1999; Suman et al., 1997) are extensive. In

contrast, there are only few measurements of BC in rivers and coastal waters (Mannino and

Harvey, 2004; Masiello and Druffel, 2001; Mitra et al., 2002; Kim et al., 2004; Simpson and

Hatcher, 2004). Since BC has been found to be ubiquitous in marine sediments (Goldberg, 1985;

Suman et al., 1996), it is reasonable to assume that BC is present in the ocean's water column.

However, no generally accepted methodology to measure BC in particulate organic matter



(POM) has been developed. As a result, currently we cannot assess with confidence the

importance of BC in the oceans in the global carbon cycle.

BC quantification methodologies need to be able to differentiate between three different

types of carbon: inorganic carbonate (IC), organic carbon that has not been thermally altered

(OC), and BC. Present BC measurement techniques, developed around the fields of study

dedicated to BC, are often designed to measure a particular characteristic of interest in a specific

sample matrix. For example, atmospheric scientists interested in the effect of BC in the radiative

heat balance measure the blackness of the carbonaceous material present in airborne aerosols

(e.g., Hansen et al., 1983; Liousse et al., 1996). In contrast, oceanographers interested in the

refractory properties of carbon in the ocean sediments measure the recalcitrance of the organic

carbon accumulated at the bottom of the ocean (e.g., Dickens et al., 2004; Gustafsson et al.,

1997; Middleburg et al., 1999). It is clear that the matrices of these two environments are very

different. BC-containing aerosol particles in the atmosphere are more dispersed and found at

lower concentrations than in soils and sediments. In addition, the presence of interfering

particles is lower in atmospheric sample matrices than in sediments. Therefore, the selection of a

methodology to quantify BC should be based on the characteristic of interest (e.g., darkness or

resistance), but also the presence of potential interfering materials.

One of the most widely used and evaluated methodologies to quantify BC in soils and

sediments is a thermal oxidation technique known as CTO 375 (Gustafsson et al., 1997). CTO

375 stands for Chemo-Thermal Oxidation at 375 'C, and this method is designed to oxidize the

labile OC present in a sample during a 24 h oxidation at 375 'C under excess air, followed by an

acidification to remove any IC present in the sample, and carbon quantification of the remaining

material (e.g., using an elemental analyzer). The results of recent intercomparison studies



showed a wide range of concentrations in individual samples when measured using different

methods (Currie et al., 2001; Hammes et al., 2007; Schmidt and Noack, 2000). It was concluded

that one of the most consistent methodologies for measuring BC in the presence of interfering

materials was CTO 375. However, the applicability of this methodology to measure BC in

sample matrices other than soil and sediments has been questioned. Common critiques of the

CTO 375 technique are (1) underdetection of charcoal, a more labile form of BC (Elmquist et al.,

2006; Hammes et al., 2007; Nguyen et al., 2004), and other less robust BC particles (Jonker and

Koelmans, 2002; Nguyen, 2004); and (2) overdetection due to charring of the non-BC fraction in

samples where particle agglomerates (Accardi-Dey, 2003) or appreciable amounts of proteins,

lipids and carbohydrates are present (Accardi-Day, 2003; Gelinas et al., 2001; Gustafsson et al.,

2001; Gustafsson et al., 1997).

While underdetection of more labile forms of BC using CTO 375 is generally accepted

(Hammes et al., 2007), the main factors leading to overdetection of BC due to deficient oxygen

penetration into the sample matrix are still under debate. Gelinas et al. (2001) pointed out that

positive biases of the CTO 375 method could be caused by the incomplete removal of non-BC,

or the formation of condensation products (during "browning" reactions) produced when

macromolecular biopolymers (e.g., lipids, proteins and carbohydrates) are present, leading to the

creation of enclosed spaces that reduce oxygen penetration to the sample matrix. As a result,

Gelinas et al. (2001) suggested an acid treatment step prior to application of the CTO 375

method to expose any biochemical entrapped in a mineral matrix to complete oxidation.

Accardi-Dey (2003) also observed that samples containing macromolecular bipolymers led to

overestimation of the BC, but she also pointed out the importance of small particle sizes and the

lack of agglomerates to guarantee complete oxidation of non-BC organic carbon. However, in



an attempt to further evaluate the use of CTO 375 for potentially interfering materials,

Gustafsson et al. (2001) analyzed different sample matrices, and found that in most cases, with

the exception of phytoplankton, charring due to interferences was low and didn't affect BC

concentration estimates. Overall, these previous studies have shown the importance of 02

diffusion and heat transfer throughout the sample matrix to overestimate or underestimate BC

using CTO 375.

The main purpose of this study was to assess the potential of a modified CTO 375 to

quantify BC in seawater particulate organic matter (POM), a complex matrix prone to charring.

The modified CTO 375 includes a number of pre-combustion manipulation techniques to ensure

oxygen access to internal locations of the sample: (1) we only used small sample sizes; (2) if

solid, the samples were ground to less than 100 gm particle size to minimize diffusive distances;

or if wet, the samples were passed through a 53 gm Nitex screen and frozen to promote cell

lysing; (4) the combustion temperature was slowly increased to ensure heat penetration into the

sample did not substantially precede oxygen penetration from the air. We tested the modified

method in standard samples, where BC had been previously measured, and algae cultures as

proxy for seawater POM. Finally, we applied the method to natural seawater POM and

compared our values with BC concentrations previously reported for sediments in areas nearby.

2. Methods and Materials

2.1. Samples used for CTO 375 method testing

To test whether BC underestimation or overestimation was present after manipulation of

our samples and to ensure complete combustion of the non-BC fraction, we used (a) positive

controls where BC has been previously measured, and where charring has not been reported to



be a concern, (b) negative controls that contain no pyrogenic BC, but where charring has been

previously reported, and (c) algae culture samples as a proxy for seawater particulate organic

carbon.

Positive controls.

NIST 1649a and 1650 SRM. The National Institute of Standards & Technology (NIST)

Standard Reference Materials 1649a, urban dust, and 1650, diesel particulate matter (NIST,

Gaithersburg, MD), have been thoroughly characterized and used as a positive standard for the

development and testing of CTO 375 (Currie et al., 2001; Gelinas et al., 2001; Gustafsson et al.,

2001; Gustafsson et al., 1997; Hammes et al., 2007).

Negative controls.

Melanoidin. This synthetic material was prepared through a hot acid treatment of glucose

and urea (by K. Hammes, University of ZUirich, Switzerland) and, although it has been suggested

to have structural similarity to organic matter, it contains no material produced by combustion.

Still, nonzero BC values have been previously reported for this material using CTO 375

(Elmiquist et al., 2006; Gustafsson et al., 2001; Hammes et al., 2007).

Bovine Serum Albumin. Bovine serum albumin (BSA; Fluka BioChemika; MW = 67,000

g/mol) is a globular protein high in nitrogen, an element which have been suggested to be

responsible for charring (Accardi Dey, 2003; Gelinas et al., 2001; Gustafsson et al., 2001).

Algae samples.

Eight algae samples were used to test CTO 375. The first algae sample consisted of a

mixture of seawater cultures (Table 1) obtained from Carolina Biological Supply Company

(Burlington, NC). This algae mixture included diatoms and coccolithophores, phytoplankton

typically observed in coastal areas, such as the Gulf of Maine (Menden-Deuer and Lessard,



2000; Townsend and Keller, 1996). The other seven samples were individual algae cultures

(Table 1) kindly provided by Dr. Zachary Johnson (at the time in the Chisholm Lab, MIT, USA)

and included cells from different taxonomic classes grown in different excess or limiting

nitrogen conditions (Table 2).

Natural sample: Fluen Point, Marblehead, Massachusetts seawater POM

Fluen Point is a small private beach in Marblehead, MA, a small suburban area (20,200

people) about 25 km from Boston. Surface seawater was collected in two 40 L glass containers

that had been thoroughly washed with methylene dichloride, methanol, and low-carbon water

(produced using an Aries Vaponic system, Rockland, MA). After collection, the samples were

taken immediately to the lab and stored at 4 'C in dark for 1 day to allow larger particles to

settle.

2.2. Total organic carbon (TOC) and BC quantification

Quantification of TOC in solid samples

Solid samples were homogenized by shaking and stirring in the containers in which the

samples were stored. Triplicates of each sample (between 1 and 10 mg) were transferred into

precombusted and tared crucible-shaped Ag capsules (D2008, 8 x 5 mm; Elemental

Microanalysis Ltd, EMAL Tech, OH). The Ag capsules were placed into precombusted 10-mm

glass petri dishes in arrays of six capsules per petri dish and dried at 60 oC overnight (-15 hr).

After cooling to room temperature, the samples were weighed using a microbalance (Cahn 25

Automatic Electrobalance; Ventron Corp., Cerritos, CA), acidified with about 100 gL of 6% by

volume sulfurous acid (H 2SO 3 ; Fisher Chemicals, Fairlawn, NJ), and re-dried at 60 oC overnight.

The carbon weight percent of the samples was determined using a carbon-hydrogen-nitrogen



(CHN) analyzer (Vario EL, Elementar America, Inc., NJ) operated with a copper oxide catalyst

at 950 'C, a thermal conductivity detector (TCD), and helium (He) as the flushing and carrier

gas. The detection limit of the analyzer was < 1 pg of carbon.

Quantification of BC in solid samples

For solid samples, about 25 mg of each sample were ground to <100-pm sized particles

with an agate mortar and pestle (Figure 1). Samples between 2 and 7 mg of the ground material

were placed into precombusted and tared crucible-shaped Ag capsules (D2008, 8x5 mm;

Elemental Microanalysis Limited, EMAL Tech, OH) and carefully spread over the entire surface

of the capsules with the purpose of avoiding sample agglomeration. The Ag capsules were then

placed into precombusted 10 mm glass petri dishes in arrays of six capsules per petri dish and

dried at 60 oC overnight (- 15 hr). After cooling to room temperature, the samples were

weighed using a microbalance (Cahn 25 Automatic Electrobalance; Ventron Corp., Cerritos, CA)

and combusted in a F47915 Thermolyne muffle furnace (Barnstead Thermolyne International,

Dubuque, IA) at 375 'C for 24 hr under excess air. The single set controller of the muffle

furnace was initially set at 60 oC, ramped from 60 'C to 150 'C at a rate of 1 oC/s where it was

held for 25 min, again ramped from 150 oC to 250 'C at a rate of 1 OC/s and held there for 25

min, and finally ramped from 250 'C to 3600 C at a rate of 1 oC/s, from 360 oC to 370 oC at a rate

of 0.2 OC/s, and from 370 to 375 'C at a rate of 0.05 oC/s. Following, the temperature remained

at 375 + 1 oC for 24 hr. The temperature was measured using a chromel/alumel thermocouple.

After cooling, 25 p1 of low-carbon water (Aries Vaporics, Rockland, MA) were added to

each Ag capsule, followed by about 100 pl of 0.73 M H2SO 3 (Fisher Chemicals, Fairlawn, NJ) to

decompose any carbonates. The samples were allowed to sit at room temperature for 1 hr, and

this procedure was repeated until no effervescence was observed in the sample after the addition



of acid. Then, the sample was dried overnight at 60 OC (-15 hr), and the composition of the

oxidized and acidified samples was determined using a CHN analyzer (Vario EL, Elementar

America, Inc., NJ) operated under the same conditions as the ones described above.

For every three samples of TOC or BC, a pair of sample blanks, which consisted of an

empty silver capsule processed in the same manner as all the samples, was included in the batch.

Quantification of TOC in aqueous-suspension samples

To collect the samples in aqueous suspensions, a 53-tm mesh-opening pre-cleaned Nitex

screen (TETKO, Depew, NY) was used as a prefilter, followed by a 0.7-gm pre-combusted fiber

glass (GFF) filter (Pall Gelman Sciences, Ann Harbor, MI; Figure 2). The sample was placed

on a pre-combusted 300 mL glass funnel locked to a 45-mm pre-combusted glass filter holder

with a fitted glass screen (Millipore, Billerca, MA) containing the prefilter and filter, and

vacuum was applied to filter the sample. However, if the sample was highly concentrated, only a

small volume of the suspension was dripped directly onto the prefilter and filter. After filtration,

all samples were rinsed immediately with about 20 mL of 10 mM H2 SO 3 (Fisher Chemicals,

Fairlawn, NJ) to remove carbonates and then about 30 mL of low-carbon water (Aries Vaporic,

Rockland, MA) to remove salts. Sample blanks consisted of filtering a similar volume of low-

carbon water (Aries Vaporic, Rockland, MA) and processing the blank-sample in the same

manner as all the samples. One fourth of the sample was used for OC measurements, and the

rest was stored frozen in pre-combusted 10-mm glass petri dishes. Carbon content of the

samples was determined using a CHN analyzer (Vario EL, Elementar America, Inc., NJ)

operated under the same conditions as described above.

Quantification of BC in aqueous-suspension samples



Half of the frozen filtered samples were dried at 60 oC overnight (- 15 hr) and combusted

in a F47915 Thermolyne muffle furnace (Barnstead Thermolyne International, Dubuque, IA) at

375 'C for 24 hr under excess air (Figure 2). The temperature program of the muffle furnace

was the same as used for the solid samples. The composition of the samples was determined

using a CHN analyzer (Vario EL, Elementar America, Inc., NJ) operated under the same

conditions described above.

Special precautions to consider when quantifying BC in aqueous-suspension samples

include: (a) Remove as much water as possible from the filter before taking it off from the

filtration device; water stagnation in the filter promotes particle aggregation (that might lead to

charring) and heterogeneity of the sample; (b) avoid compaction of the filter, since this

mechanism reduces the porous space of the filter, limiting oxygen to the filtered sample; (c) cut

off the edges of the filter with an acetone cleaned razor blade (or other sharp stainless steal

object), as this part of the filter is subject to sample manipulation and might be prone to charring;

and (d) use variability of BC measurements between replicates of the same sample as a tool to

address whether or not charring might be present; substantial differences between replicates

might be indicative of charring.

3. Results and Discussion

3.1. Positive controls.

Our measured concentration of BC in NIST 1649a SRM urban dust (1.51 ± 0.19%dw) was

statistically indistinguishable from what Gustafsson et al. (2001) reported (Table 2). Similar to

this study, Gustafsson et al. (2001) paid close attention to minimizing charring in samples. In

order to ensure enough oxygen throughout the sample matrix, in addition to using a muffle



furnace with a controlled temperature for the 375 'C combustion, Gustafsson et al. (2001) also

used a tube furnace system with a constant air flow rate of 200 mL/min. However, their BC

concentrations reported using the muffle furnace or the tube furnace were not statistically

different from each other (1.36 ± 0.07 and 1.40 ± 0.14 %dw) or from our observed values. In

contrast, the BC concentration we had previously reported (2.52 + 0.06; team no.5 in Hammes et

al., 2007), where no temperature program was used, was significantly higher than what we report

here. The difference between these BC values suggested that a rapid increase in temperature

(and heat diffusion) may not allow enough time for oxygen to penetrate deeper into the sample

matrix as the non-BC material starts to oxidize, leading to charring of the non-BC material and

an overestimation of BC content. Furthermore, the higher carbon-to-nitrogen (C/N) ratio

observed in this study (35.7 ± 4.8) than in previous studies (team no. 5 in Hammes et al., 2007;

13.3 ± 7.2) suggested less charring of proteinaceous molecules in the sample.

BC concentration in NIST 1650 SRM diesel soot of 38.4 ± 4 .6 %dw (Table 2) and our

observed C/N ratio of > 1030 suggested that the remaining material was highly carbonaceous

(Fernandes et al., 2003), and for this sample charring was not an issue. This value is lower than

the value previously reported by Gustafsson et al. (2001) (48.1 ± 0.5%dw), but is equivalent to the

value reported by Gelinas et al. (2001) after removing hydrolysable OC (38.4 ± 0. 6 %dw).

Gustafsson et al. (2001) also paid close attention to thinly spreading the samples before

combusting them, and they showed high resolution TEM (Transmission Electron Microscope)

images to further corroborate the absence of charring in their measurements. Therefore, our

lower value may be an indication of BC underestimation.

3.2. Negative controls



BC concentrations in the synthetic melanoidin using the described sample manipulations

were 0.04 ± 0.06 %dw. This value is lower than what others have reported. Gustafsson et al.

(2001) reported a value of 0.18 ± 0.14 %dw, and Elmiquist et al. (2006) reported a value of 2.5 +

0.2 %dw (Table 1). However, in contrast with our observation for NIST 1649a, the value that we

report here is not different from the one we had previously estimated (Hammes et al., 2007; team

no. 5). This observation may indicate that, while for NIST 1649a a slow temperature increase

may be more important to reduce charring, in melanoidin-like samples, sample manipulation

(i.e., using small sample sizes and thinly spreading the sample) might be more important.

Although our calculated BC concentrations were not significantly different from zero, our very

low C/N ratios (about 1:1) may indicate the survival of N-containing macromolecules.

Although no pyrogenic material should be present, we observed BC concentrations

different from zero (0.50 ± 0.04 %dw) in our BSA samples. This BC concentration is close to the

value reported by Accardi-Dey (2003), but is significantly lower than BC values previously

measured by Gustafsson et al. (2001) for the same material. TOC of the BSA used by Accardi-

Dey (2003) was significantly lower, indicating that the percentage of non-BC charred in TOC

was higher than in our samples. However, C/N ratios reported by Accardi-Dey (2003) were

similar to ours (between 2 and 3 to 1) , suggesting that N-containing macromolecules survived

oxidation in both cases.

To further evaluate the potential of BSA-like materials to interfere with BC

measurement, we used a standard addition approach that consisted of adding increasing amounts

of NIST 1650 to an initial mass of BSA (Figure 5). Instead of seeing an increase in the BC

measured (indicative of charring) when NIST 1650 was added to BSA, we measured lower BC

values than when only NIST 1650 was present. Elmiquist et al. (2004) reported a similar



observation when adding a standard (NIST 2975 SRM) to sediments, and suggested that the

underestimation was due to the presence of a mineral matrix acting as an oxidation catalyst.

Melanoidin does not have a mineral matrix. However, melanoidin and NIST 1650 may interact

in a way that promotes a more complete combustion.

3.3. Algae samples.

Similar to the process of grinding and thinly spreading solid samples to ensure complete

combustions of the non-BC material, freezing has the potential to enhance 02 penetration in a

sample matrix that contains small amounts of water. Cellular level studies have shown that

freezing, widely used for RNA extraction, causes the cells to lyse (Kahan et al., 1997; Klebe et

al., 1996; Tran-Son-Tay et al., 1990). The theory behind this lysing process is that, as water

freezes, ice crystals grow, disrupting cellular organelles and cell walls as well as other molecular

aggregates present in the sample. To further understand the influence of freezing as a tool to

expose any entrapped material present in potentially interfering matrices, we compared BC

values of frozen and unfrozen samples (Table 2).

Both carbon and nitrogen concentrations observed in the frozen subsamples of the algae

mixture were below detection limits. However, C levels in the non-frozen samples were also

very close to zero, and no N was detected after combustion. Gustafsson et al. (2001) previously

reported charring in freeze-dried coccolithophore exudates but not in other (whole)

phytoplankton cultures using the CTO 375 method. Yet, they also pointed out that a modified

procedure to enhance oxygen diffusion into the exudates or temperature ramping to slow the

increase of temperature in the samples could lead to less charring. Consistent with this

discussion, the slow increase of the combustion temperature in our modified procedure might



have lead to the complete combustion of the coccolithophores in our samples. To further

corroborate this hypothesis, we measured the remaining C after the combustion at 375 "C for 24

hours without a temperature ramp. The resulting concentration of 0.016 ± 0.001 plg/mL and C/N

ratio of 0.08 ± 0.01 supported our hypothesis.

Comparison of BC values between frozen and unfrozen subsamples of the individual algae

cultures were not significantly different from one another, and, in both cases concentrations were

close to zero. However, in most of the frozen samples no N remained after the 375 "C

combustion, whereas in the non-frozen samples low C/N ratios indicate that appreciable amounts

of N remained in the sample. This observation suggests that freezing successfully exposed N-

containing macromolecules, and that the remaining carbon material may be due to the presence

of small aggregates or impurities (BC or BC-like materials) present in the samples. Two

exceptions where N remained in the frozen samples after the 375 "C combustion were

Nannochloropsis gaditana and Pelagomonas calceolata. Differences in the structure and

composition of the sampled algae cultures might explain the observed differences. Popp et al.

(1998) observed that phytoplankton cell geometry (volume-to-surface-area ratio; V/S) had an

effect on carbon isotopic fractionation due to differences in CO 2 diffusive fluxes; i.e., CO 2

diffusion would be lower for higher V/S. Since V/S is largest for sphere-shaped phytoplankton

(Lewis, 1976) lower 02 diffusion into N. gaditana (Figure 4) might explain the higher C and N

values observed for this algae species. In contrast, the shapes of phytoplankton species from the

Chlorophyceae and Bacillariophyceae classes (Figure 4) have lower V/S (Lewis, 1976).

Furthermore, previous studies (Canavate and Lubin, 1995; 1995b) have reported that N. gaditana

belongs to a small group of algae (Estigmatophyceae) that has a cryopreservative mechanism

(i.e., these algae are freezing resistant and able to recover after thawing) and contain non-



hydrolysable macromolecular constituents (algaenans; Gelin et al., 1997; Grossi et al., 2001) that

might reduce 02 diffusion throughout the phytoplankton cell. Similarly, although the shape of P.

calceolate has a higher V/S than N. gaditana, this algae species is known to have an organic

shell, or theca, composed of polysaccharides (Andersen et al., 1993). Some dinoflagellates

present in the algae mixture (Prorocentrum micans and Amphidiniumcarterae; Figure 3) also

have a theca, but have a cell geometry with a much higher V/S than N. gaditana and P.

calceolate (Lewis, 1976). These results suggested that both geometry and exterior constituents

of phytoplankton cells were responsible for the observed C and N values.

3.4. Natural seawater POM

TOC and BC concentrations in seawater POM collected in Fluen Point were 83.0 + 6.33 and

3.41 + 0.74 tg/L (n=2), respectively. Seawater C/N ratios before CTO 375 of 16.53 + 0.27

indicated terrestrial inputs to this area. Nitrogen concentrations after combustion were below

detection limits (C/N > 3.4 ptg /N detection limit in ptg), suggesting that no N-containing

macromolecules survived the modified CTO 375. Ratios of BC to TOC previously reported in

near-urban sediments in New England were between 0.03 and 0.13 (Gustafsson et al., 1998),

which is consistent with our BC to TOC ratio of 0.04 ± 0.01 measured in seawater POM.

To further test the modified CTO method's ability to quantify BC in seawater POM, we

added increasing amounts of NIST 1650 to about 500 mL of Fluen Point seawater. Due to its

high hydrophobicity, to be able to add this material to the aqueous sample, we made a suspension

of NIST 1650 SRM in ethyl acetate. However, our observed BC concentrations were below the

predicted concentrations and presented high variability between samples (Figure 6). While it is

possible that some of the NIST 1650 was lost to the glass walls of the micropipette and sample



vessels, this result also suggests that in suspension NIST 1650 particles became more dispersed

and labile to combustion, leading to underestimation of BC. The development of a thermogram

for the NIST 1650 ethyl acetate suspension supported our hypothesis (Figure 7a). The

percentage of BC in TOC measured in the NIST 1650 suspension at 375 oC was 9.26% (as

opposed to the previous value of 52.15% BC/TOC). In addition, the concentration of carbon

remaining after combustion remained relatively constant (84.27 ± 7.93%), indicating that other

elements, besides carbon, also became more labile in the ethyl acetate suspension (Figure 7b).

4. Conclusions

We assessed the use of CTO 375 to quantify BC in seawater POC. To this end, we used positive

and negative controls to quantify over- or under-estimations of BC due to various sample

manipulations. BC values for positive standards were very close to values in literature, and C/N

ratios of the remaining material indicated the presence of soot-like materials (Fernandes et al.,

2003). These results indicated that underestimation due to the modification of CTO 375, if

present, was minimal. BC concentrations in TOC of the negative controls were different from

zero, but smaller than what has been previously reported, and represented a percentage of less or

equal to 1% of the TOC. Although this is a good indicator that the modified CTO 375 possibly

reduced charring, the very low C/N ratios observed for both, melanoidin and BSA, may have

resulted either from the encapsulation of N-containing macromolecules that limited oxygen

accessibility to the sample matrix, or the presence of an organic nitrogen recalcitrant enough to

survive CTO 375. However, a standard additions approach, where BC concentrations in NIST

1650 did not increase as BSA was added to it, suggested that the potential of BSA-like materials

to interfere with our measurements in BC-containing matrices was small. The application of this



modified CTO 375 to phytoplankton indicated that BC measurements using this method are

reliable for the most part, but precaution should be taken if certain phytoplankton species (e.g.,

those with high V/S, cryopreservants, algaenans, and/or theca) are present at high concentrations

in the collected seawater POC. For example, during spring or fall blooms, when diatoms are the

most common species, BC measurements might be more reliable than during the summer, when

theca-containing dinoflagellate blooms may be more abundant. Finally, our measured fraction of

BC in natural seawater POM was consistent with proportions of this material in near-urban

sediments. The application of this modified method to a wide range of sample matrices and its

evaluation for geochemical consistency in environmental samples provided further information

to assess the broader applicability of these results, as well as a good understanding of the

advantages and limitations of the modified CTO 375.

Further testing in diverse environmental aqueous matrices and the application of this method

to POM in aqueous environments will provide valuable information to assess the role of aqueous

bodies in the global carbon cycle.
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Figure Captions

Figure 1. Detailed procedure of BC quantification in solid samples.

Figure 2. Detailed procedure of BC quantification in aqueous-suspension samples.

Figure 3. Algae mixture. a) Prorocentrum micans (av. length - 50 glm); b) Amphidiniucarterae
(av. length -~ 40 glm); c) Gymnodium sp. (av. length - 20 gm); d) Glenodinium sp. (av. length -
15 jim); e) Coccolithophora (av. length - 5 jim). Sources: Planktonnet@AWI (2008); SCCOOS
(2008); FIMR (2008)

Figure 4. Individual algae cultures. a) Dunaliella tertiolecta; b) Nannochloris sp.; c) Nitzchia
frustulum; d) Phaedactylum sp.; e) Skeletonema costatum; f) Nannochloropsis gaditana; g)
Pelagomonas calceolata. Source: Planktonnet@Roscoff (2008).

Figure 5. Standard addition approach to evaluate the potential of BSA to overestimate BC.
Dashed line shows predicted amounts of BC based on amount of NIST 1650 added, open
diamonds represent observations of BC when increasing amounts of NIST 1650 are added to
BSA, and open triangles represent BC values when only NIST 1650 is added.

Figure 6. Standard addition approach to evaluate the potential of Fluen Point seawater POM to
overestimate BC. Dashed line shows predicted amounts of BC based on amount of NIST 1650
added. Open triangles represent observations.

Figure 7. Thermograms of NIST 1650 SRM in ethyl acetate suspension showing (a) the
percentage of TOC remaining after 24 hr exposure at different temperatures, and (b) the
percentage of carbon present in the remaining material.



Table Captions

Table 1. Algae species subject to the modified CTO 375 method in this study.

Table 2. TOC and BC concentrations (reported as weight percentage ±+ (n=3) for positive and
negative controls; and ± propagated error for algae suspensions).



Table 1. Algae species subjected to the modified CTO 375 method in this study.

Class Species

Algae mixture
Dinophyceae Prorocentrum micans
Dinophyceae Amphidiniumcarterae
Dinophyceae Gymnodium sp
Dinophyceae Glenodinium sp
Prymnesiophyceae Coccolithophora

Individual algae cultures
Chlorophyceae Dunaliella tertiolecta
Chlorophyceae Nannochloris sp.
Bacillariophyceae Nitzschia frustulum
Bacillariophyceae Phaeodactylum sp.
Bacillariophyceae Skeletonema costatum
Eustigmatophyceae Nannochloropsis gaditana
Pelagophyceae Pelagomonas calceolata



Table 2. TOC and BC concentrations (reported as weight percentage ±+ (n=3) for positive and negative controls; and + propagated
error for algae suspensions).

Name TOC%dw Initial C/N BC%dw Final C/N

Positive controls
NIST 1649a urban dust 17.2 ± 2. 1a, 17. 6 ± 1 .9 b, 17.7 ± 0.1c  7.5 _ 2.0 a  1.51 ± 0.19 a, 1.36 + 0 .0 7

b , 2.52 0 .0 6d 35.7 + 4.8 ' , 13.3 ± 7.2

NIST 1650 diesel soot 73.7+ 1.6a, 77.0 ± 1.8 b, 7 8.2 d 109 a 27a 38.4 ± 4.6 a , 48.1 + 0 .5b, 38.4 + 0.6e > 1030 a

Negative controls
Melanoidin 54.4 ± 0.2", 5 7 .9f , 6.49 6.94 ± 0.07 a  0.04 ± 0.06 a, 0.18 ± 0 .14

b , 0.07 ± 0 .0 4d 1.05 ± 0.63 a, 1.01 ± 0 .5 3d

Bovine Serum Albumin 42.7 + 0.9 a, 5 6b 3.84 ± 0.01a 0.50 ± 0.04", 1.72 ± 0 .29 b , 0.37 + 0.02' 2.11 ± 0.17', 2.87 ± 0.268

Algae suspensions h

Algae mixture' 0.468 ± 0.005 7.34 + 0.10 <0.0011, 0.007 ± 0.001j  , N b.d.li

Individual algae coloniesk

Dunaliella tertiolecta 24.0 + 0.1 11.6 + 0.1 0.059 ± 0.0181 0.095 ± 0.018 m  N b.d.1.' 0.12 ± 0.02'"

Nannochloris sp. 14.4 + 0.1 4.40 a 0.02 0.152 ± 0.015' 0.758 a 0.016 m  N b.d.l. l  N b.d.l. m

Nitzschia frustulum 10.0 ± 0.1 4.44 ± 0.03 0.058 ± 0.0511 0.054 ± 0.051 m' N b.d.l.' 0.06 ± 0.06"'

Phaeodactylum sp. 56.9 ± 0.1 19.6 ± 0.1 0.160 + 0.0191 0.143 ± 0.019 m  N b.d.l. 0.16 ± 0.02m

Skeletonemna costatum 19.8 ± 0.1 6.57 + 0.03 0.176 + 0.0261 0.147 + 0.025m N b.d.1.' 0.11 ± 0.02m

Nannochloropsis gaditana 60.7 + 0.1 11.9 + 0.1 0.250 ± 0.0261 0.280 ± 0.026m  3.05 ± 0.631 0.28 ± 0.03"'

Pelagomonas calceolata 14.3 + 0.1 5.37 + 0.03 0.063 ± 0.043' 0.099 ± 0.045m  0.21 ±+ 0.141 0.18 ±+ 0.08m

aThis study; bGustafsson et al., 2001; CCurie et al., 2001; dHammes et al., 2007; team no.5; eGelinas et al., 2001; fAllar et al., 1997; initial material used by

Gustafsson et al., 2001; gAccardi-Dey, 2003; hTOC in (jlg/mL); i'Total volume filtered: 200 mL; without temperature ramp; kvolume filtered for each
sample: 30 mL; 'frozen; "not frozen; N b.d.l.: Nitrogen Below Detection Limits.
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30 mL of low carbon water. Apply

vacuum to filter and try to avoid
water stagnation in the filter

(which might

Dry sample over
night at 60 oC.

Peel off Nitex screen from
GFF filter and place GFF
filter in a pre-combusted

glass petri dish.

I

Cover petri dish containing
sample with pre-combusted

aluminum foil and place
inside a zip-lock bag in a

freezer for 48 hr.

Figure 2. Detailed procedure of BC quantification in aqueous-suspension samples.



Figure 3. Algae mixture. a) Prorocentrum micans (av. length ~ 50 gm); b) Amphidiniucarterae (av. length ~ 40 tm); c) Gymnodium

sp. (av. length ~ 20 gLm); d) Glenodinium sp. (av. length ~ 15 gLm); e) Coccolithophora (av. length - 5 pm). Sources:

Planktonnet@AWI (2008); SCCOOS (2008); FIMR (2008)
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Figure 4. Individual algae cultures. a) Dunaliella tertiolecta; b) Nannochloris sp.; c) Nitzchiafrustulum; d) Phaedactylum sp.; e)
Skeletonema costatum; f) Nannochloropsis gaditana; g) Pelagomonas calceolata. Source: Planktonnet@Roscoff (2008).
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Abstract

An organic carbon (OC) mass balance of the Gulf of Maine (GoM), a continental shelf area in

the northeastern USA, was used to assess the local cycling of organic carbon. To this end,

different size fractions of organic matter, naturally occurring 234Th, and hydrographic data

(temperature, salinity, and chlorophyll a and 02 concentrations) were collected during April and

August/September 2004 to address the effects of the physical, chemical, and biological

characteristics on the cycling of OC in the GoM. Results from our OC mass balance indicate

that: (a) primary production was the main source of OC to the GoM, about 70% of this material

was respired or exported from the surface ocean to the deeper ocean, and that less than 6% of the

OC produced in the surface ocean is buried in the sediments; (b) the GoM is a net source of

carbon to the northeastern North America coastal ocean circulation system; and (c) rivers and

atmospheric deposition are negligible inputs of organic carbon to the GoM. In addition, carbon-

to-nitrogen (C/N) ratios measured in the seawater particulate organic matter (POM) and sediment

samples provided insights to address carbon production and remineralization within the water

column and the sediment bed. During April 2004, decreasing C/N ratios with increasing depth

are indicative of deep nutrient-rich water inputs, while during August/September, increasing C/N

ratios with increasing depth indicate nitrogen-preferential remineralization. In all of our sampled

sites, a relatively constant C/N ratio in organic matter after deposition indicated the lack of

preferential mineralization, or minimal remineralization of organic matter after deposition in this

coastal area. Identifying August/September as an important off-bloom export season indicated

that previous estimates of POC export in this area might have been underestimated. These

findings have important implications for the identification of sources and burial of OC in this



coastal area, and provide a better understanding of the processes that other particle-reactive

materials may undergo.



1. Introduction

The study of organic carbon (OC) and, in particular, how and to what extent does OC survive

mineralization in the water column or the sediments, is crucial to understanding the role of

oceanic sequestration of anthropogenic CO 2 in the global carbon cycle; yet, this study remains

one of the main challenges for marine organic geochemists. Although there have been great

advances in the past 30 years, the source of the "old" dissolved organic carbon in the water

column and of the organic material preserved in the sediments remains unclear (Eglinton and

Repeta, 2004). While terrestrial fluxes to the oceans alone account for more than twice the

organic carbon (OC) burial rate in marine sediments (Hedges and Keil, 1995), molecular and

isotopic studies of organic matter in both the water column and marine sediments indicate

dominant autochthonous inputs (Gough et al., 1993; Aluwihare et al., 1997). This indicates that

either terrestrial OC is lost before it gets out to sea, or is rapidly and extensively remineralized

within the water column or surface marine sediments. However, previous studies (Hedges and

Keil, 1995) suggest that the sources, composition, and preservation mechanisms of OC in marine

sediments are site specific and need to be studied and addressed on an individual basis.

Although coastal areas represent less than 10% of the world oceans (Sverdrup et al.,

1946), these are highly productive areas that contribute up to 40% of the global marine primary

productivity (Eppley and Peterson, 1979) and account for an important fraction of the OC burial

in surface sediments (Hedges, 1992). In addition, it has been known that these coastal zones

may also supply much of the OC beyond the continental shelf (Hedges and Keil, 1995). River

runoff, continuous mixing, and coastal upwelling are responsible for increased loads of

suspended particulate organic matter (SPOM) and higher burial estimates closer to the shore

(Berner, 1989). Aeolian fluxes of OC to the oceans are considered to be small and much less



constrained than riverine inputs (Romankevich, 1984), but may be of significant importance for

more distant marine locations downwind form major OC sources (e.g. Gagosian and Peltzer,

1986).

The Gulf of Maine (GoM; Figure 1) is a semi-enclosed coastal area located along the

northeastern coast of the United States of America, and southwest of Nova Scotia, Canada. The

GoM is the largest semi-enclosed coastal sea in the continental United States with an aerial

extent of 2 x 105 km2 (GoMOOS, 2007). It is isolated from the North Atlantic Ocean by the

Georges and Browns Banks, and has three major basins, Georges, Jordan, and Wilkinson Basins.

These physical characteristics are believed to be important for organic carbon production as well

as for burial of organic matter (Townsend, 1996). River systems throughout the coast also flow

into the GoM providing terrestrial inputs of OC and other nutrients to this coastal system

(Townsend, 1996). In addition, this GoM is heavily populated and downwind of important urban

and industrial areas that contribute with significant atmospheric contaminant fallout. The Gulf of

Maine is, therefore, a good representative of coastal oceans where riverine and eolian inputs, as

well as primary production, may be important components of the carbon cycling.

There have been intensive studies in the GoM in the last three decades that have provided

a better understanding of the carbon cycling, hydrography and water flow dynamics in this

important coastal area (Beardsley et al., 1996; Benitez-Nelson et al., 2000; Charette et al., 2001;

Dai and Benitez-Nelson., 2001; Mown and Yoder, 2005; Thomas et al., 2003; Townsend, 1996).

These studies have pointed out significant temporal (inter- and intra-annual) and spatial

variations in the circulation and water properties in the GoM. However, further understanding of

internal recycling processes within the GoM is still needed, as it remains unclear why the



average export ratio (POM export versus total primary production) in the GoM is low compared

to other similar coastal environments (Townsend et al., 1996).

This study intends to be complementary and provide additional information that has not

been previously obtained to have a better understanding of the sources and fate of OC in the

GoM. Here we present an organic carbon mass balance that includes riverine and aeolian

transport of OC into the GoM; and, based on concurrent measurements of water column and

sediment records, we address cycling and preservation mechanisms of OC in this coastal area.

Seawater OC and sediment samples were collected during two cruises to the GoM in April (R/V

Oceanus) and August (R/V Cape Hatteras) of 2004. We measured concentrations of the

different size fractions of OC: total organic carbon (TOC), settling particulate organic carbon (53

gm < POC), and suspended particulate organic carbon (0.7 gim < POC < 53 gim); we coupled this

information with 234ThI238U radionuclide disequilibrium to estimate the fluxes of OC out of the

surface ocean; we estimated the TOC sedimentation rates for the past 100 years at different

locations of the GoM; and we estimated atmospheric deposition fluxes from reported OC

concentrations in the New England area. Finally, we used this information and previous

estimates of primary productivity to develop an organic carbon mass balance to better understand

the main inputs and outputs of OC into the GoM.

2. Methods and Materials

2.1. Characterization of the water column

At each station during both cruises, April and August 2004, vertical profiles of pressure

(dbar), salinity (PSU), temperature (oC), chlorophyll fluorescence (roughly corresponding to



chlorophyll a (pgg/L) without correction for phaeophytin fluorescence) and oxygen (02)

concentrations (pg/L) were made at sea using CTD (Conductivity-Temperature-Depth) profilers.

Density anomaly (sigma-t) was calculated from the equation of state of water with CTD values

of pressure, temperature and salinity.

2.2. Water column sampling

Different portions of the particulate organic carbon (POC), separated by size cut-off, were

collected during two cruises to the GoM in 2004, one in April (R/V Oceanus) and a second one

in August/September (R/V Cape Hatteras). At each sampling station, water was pumped from

above and below the surface layer (based on hydrographic data) using a positive-displacement

stainless-steel gear pump (Fultz Pump Inc, Lewis Town, NJ) from either a shallow (- 6 m) or

deeper depth (- 60 m). Seawater was pumped from depth through stainless steel tubing that had

been thoroughly washed with methylene chloride, methanol, low-carbon water (18 mQ,

produced using an Aries Vaponic system, Rockland, MA), and stored closed until use. The

seawater came on-board without ever being exposed to the atmosphere, and it successively

passed through a 142-mm diameter, stainless steel, filter holder containing a 53-pm mesh-

opening pre-cleaned Nitex screen (TETKO, Depew, NY), followed by a 293-mm, stainless steel,

filter holder with a 0.7-ptm pre-combusted fiber glass (GFF) or quartz filter (Pall Gelman

Sciences, Ann Arbor, MI). This particle fractionation was based on previous models and

measurements (e.g., Buesseler, 1998; Charette et al., 2001; Gustafsson et al., 1998) made

following the OC sampling procedure developed by Bishop and Edmond (1976), where the OC

isolated in the > 53 gim from the Nitex screen was assumed to approximate the sinking/settling



POC (POCSE), and the < 53 [tm and > 0.7 ýpm from the glass fiber or quartz filter the non-

sinking/suspended POC (POCsu). All filter samples were rinsed immediately after collecting

with a 100 mL of 10 mM sulfurous acid (H2SO03) to remove carbonates and a 100 mL low-carbon

water (Aries Vaporic, Rockland, MA) rinse to remove salts, and kept frozen in aluminum foil

envelops until further analysis. Sample blanks were collected throughout the sampling

procedure and consisted of "wetting" the filtration devices by pumping only 1 L of seawater

from the sampling station before processing in the same manner as all the samples.

During August/September 2004, after collecting the different fractions of POC, seawater was

collected directly from the stainless steel tubing into 300 mL pre-combusted biological oxygen

demand (BOD) glass bottles for TOC quantification, and kept at 4 OC in dark until analysis in

less than a week after collection..

Quantification of organic carbon in the GoM

Total organic carbon (TOC). Back in the laboratory, phosphoric acid (H3PO4) was added to

samples collected in the BOD bottles to lower the pH to < 2. Within a week, TOC in the

samples was determined using high temperature catalytic combustion (680 'C) by injecting 27

pgL subsamples into a Shidmadzu TOC-5000 analyzer. A 17 point standard calibration curve was

generated from 0.0 to 2.0 mg/L, by diluting a potassium acid phthalate standard (1 mg/mL C;

VWR Scientific, West Chester, PA) with low-carbon water (Aries Vaporic, Rockland, MA) in

25-mL pre-combusted volumetric flasks.

Organic carbon in the POC > 53 gpn (POCsE) The Nitex screen was sonicated for 20 min

with 100 mL of GFF filtered (Whatman, Florham Park, NJ) seawater for 5 to 10 min to detach

the POCSE from the Nitex screen. Following sonication, 50 mL of the collected sample were



kept in the plastic container for further 234Th measurements, and another 50 mL were transferred

to a 60 mL pre-combusted glass vial. Triplicates of 200 jtL samples of the sonicated POCsE

were placed in crucible shaped Ag capsules, acidified with - 20 pL of 1 mM H2SO 3; (Fisher

Chemicals, Fairlawn, NJ) and dried at 60 'C overnight. The carbon concentration was

determined using a CHN analyzer (Vario EL, Elementar America, Inc., NJ) at a combustion

temperature of 950 'C. Daily response factors were determined using acetanilide standards

(Elemental Microanalysis, Manchester, MA), and the detection limit of the analyzer was 1 ýpg of

C. Response factors for all elements remained stable throughout the experiment (± 0.5% for

nitrogen, ± 0.07% for carbon, and ± 0.6% for hydrogen). A procedural-blank (empty Ag capsule

that went through the same procedure as sample Ag capsules) and a sample blank (no sample

introduced in the CHN analyzer) were added after every sample to account for any

contamination and to verify that combustion was complete in the CHN. The signal-to-noise-ratio

was always larger than 3:1, and blanks were subtracted from the raw sample data. Variation

between replicates was < 10%.

Organic carbon in the 53 14n > POC > 0.7 pon (POCsu). One sixteenth of the glass fiber

filter or quartz filter was dried overnight at 60 'C, followed by elemental analysis in a Vario EL

CHN analyzer (Elementar Americas, Inc., NJ; see above). Every run included two sample

blanks to flush the CHN analyzer and verify that combustion was complete, and blanks (signal-

to-noise ratio larger than 4:1) were subtracted from raw sample data.

OC vertical fluxes thru the water column

Half of the sonicated POCSE from the Nitex screen (see above) was collected in a pre-cleaned

plastic container and spiked with 230Th to serve as a recovery standard. The 234Th activity was

then measured using low-background beta detectors following the procedure of Buesseler et al.



(1992). The measurements were repeated 4-5 times within a week to check for background

interferences, to improve precision and accuracy, and to correct for the date of sample collection.

23 8U activities were estimated from salinity measurements (Chen et al., 1986) made on board

during the cruise with a calibrated 8410A PortasalTM salinometer (Guildline, Smiths Falls,

Ontario, Canada). Export fluxes from the water column were calculated using information from

the measured 234Th/ 238U disequilibria and OC/ 234Th ratio in the settling fraction (> 53 gm) of the

organic matter (OM) from the April and August/September cruises (Buesseler et al., 1992).

2.3. Sediment sampling.

Sediment cores were collected using an MC-800 multicorer sediment sampler (Ocean

Instruments, San Diego, CA) deployed off the stern of the research vessels (with help from crew

staff) from five different stations in the Gulf of Maine (GoM) in April (R/V Oceanus) and

August/September (R/V Cape Hatteras) 2004. The multicorer sampler was able to recover up to

eight replicate samples of undisturbed surface sediments with an effective penetration of more

than 45 cm. Upon retrieval, the cores were extruded after siphoning off water and sliced in

sections by pushing out the cores from below. The outer sediment that had been in contact with

the barrel was discarded, and the remainder was placed in pre-combusted glass jars with

aluminum foil-lined screw caps, and stored in chest freezers (-18 oC). With the exemption of

MWRA, the cores were sliced on board into 0.5 cm sections from 0 to 2 cm, 1 cm sections from

2 to 6 cm, 2 cm sections from 6 to 10 cm; 4 cm sections from 10 to 22 cm, and 8 cm sections for

the remainder of the cores. MWRA was sliced into 0.5 cm sections from 0 to 2 cm, and 1 cm

sections for the remainder of the core. Before analysis, the sediments were freeze dried and



homogenized with mortar and pestle. Due to demands on sample size and to avoid

contamination, different parallel cores were used for gamma counting dating analysis.

Sediment Dating

Radionuclide depth profiles were determined for 137Cs and unsupported 210Pb (210Pbxs =

210Pbtotal - 214Pb). Dry sediments (5 - 20 g) were analyzed by gamma spectrometry for 210Pb

(46.5 keV), 214Pb (295.2 and 351.9 keV), and 137Cs (661 keV) using a high-purity germanium

detector (Canberra model GL2020). Counting efficiencies were between of 0.36% and 0.49%

for 210Pb, and 1.34% and 1.60% for 214Pb (calculated using Environmental Protection Agency

(EPA) standard Pitch Blend Ore) depending on the amount of sample analyzed (geometry of the

sample). The 210Pb and 137Cs activities for every sediment sample were calculated in

disintegrations per minute and counts per minute per gram of salt-free sediment, respectively.

Activities were decay-corrected to the sample collection date.

With the exemption of Inner Penobscott Bay (IPB) core, where disagreement between the

calculated 210Pb chronology and the appearance of 137Cs was observed, sedimentation rates were

determined using the constant rate of supply model (CRS; Appleby and Oldfield, 1978) with

salinity-corrected density and porosity. To derive a more consistent chronology between

sedimentation rates and 137Cs appearance in the IPB the core (using CRS the appearance of 137Cs

was observed in 1920), IPB sedimentation rates were calculated using the constant initial

concentration model (CIC), where the sedimentation rate was calculated from the slope of a

straight line in a plot of In 210Pb vs depth of the sediment sample.

Total organic carbon (TOC) analysis



Triplicates of about 5 mg of the dry sediments were ground and weighed into manually

shaped Ag capsules placed in pre-combusted Petri dishes, acidified with 100 I1 of 6% volume

H2SO 3 (Fisher Chemicals, Fairlawn, NJ), and dried at 60 'C overnight. The carbon content of

the remaining material was determined using a CHN analyzer (Vario EL, Elementar America,

Inc., NJ; see above). A procedural blank (empty Ag capsule that went through the same

procedure as sample Ag capsules) and a sample blank (no sample introduced in the CHN

analyzer) were added for every sample to account for any contamination and to verify that

combustion was complete in the CHN. All samples were blank corrected and variations between

replicates were always < 5%.

3. Results and Discussion.

3.1. Characterization of the water column in the GoM

Similar to what has been previously reported (Townsend et al., 1992), our hydrographic data

showed that the properties of the water column in the GoM (Figure S and S2 in supplementary

material) result from influences largely affected by bathymetry and seasonality in this coastal

area (Beardsley et al., 1996, and references therein). During April our data showed two main

water sources: (a) freshwater inputs from local runoff (e.g., low surface salinities at Inner

Penobscot Bay (IPB), Merrimack River (MER), Casco Bay (CB), Massachusetts Water

Resources Authority (MWRA), Cape Cod Bay I (CCB 1), and Cape Cod Bay II (CCB2); Figure

Si) and relatively fresh Scotian Shelf Water (identified as a low salinity, surface, cold water

mass that enters the GoM around southwestern Nova Scotia; Smith, 1983) along the western

coast and the northeastern part of the GoM (relatively low surface salinities at Jordan Basin (JB),

but mainly at East Platts Bank (EPB), and Wilkinson Basin I (WB 1); Figure S 1); and (b) inputs



from deep, saltier Slope Water entering through the Northeast Channel (Brooks, 1985; low

temperature and high salinity bottom water at JB, EPB, WB1, Wilkinson Basin II (WB2), and

Great South Channel (GSC); Figure S 1), producing water of intermediate salinity in the central

gulf and flowing south-eastward into the Great South Channel (intermediate salinity and

temperature at the middle of the water column depth at EPB, WB 1, and GSC; Figure S 1), and

producing relatively salty waters throughout the water column at Georges Bank (GB; Figure S1)

as a result of intense vertical exchange (Yoshida and Oakey, 1996). Although temperature

gradients were small during April, lower temperatures in the northern part of the Gulf confirmed

the presence of the colder Scotian Shelf Water. High chlorophyll a concentrations in the

southwestern part of the Gulf and closer to shore indicated the presence of nutrient inputs from

runoff or upwelling of deep-nutrient-rich waters, while relatively constant 02 concentrations are

consistent with the relatively low sigma-t vertical gradients observed during this time of the year

(Figure S 1).

A different scenario was observed during August/September. Slightly lower salinities closer

to shore and in the northern part of the Gulf than in the central Gulf still reflected smaller runoff

and Scotian Shelf freshwater inputs, but, overall, vertical and horizontal salinity gradients were

less sharp during this time of the year. Conversely, vertical temperature, 02 concentration, and

sigma-t gradients were much sharper in August/September than in April, and were consistent

with summer warming and thermal stratification. It was not surprising then to see lower

chlorophyll a concentrations during August/September resulting from nutrient depletion (Durbin,

1996).

02 concentrations during both April and August/September cruises were close to 02

solubility at the observed temperatures and salinities (Weiss, 1970) with 02 saturations between



99.4 and 105% for both seasons at all depths (Table 1). Water bodies where biological processes

affect 02 saturation show values >120% at the surface (due to photosynthesis), and <<100%

under the compensation depth (due to respiration; Von Arx, 1962; Riley and Chester, 1971).

However, our observed 02 saturation values indicated that 02 saturation was determined to a

greater extent by the mixing within the basin, as opposed to biological processes. The Slope

Water entering the GoM through the Northeast Channel, which corresponds to recently formed

deep water, is not only rich in nutrients, but also has close-to-saturation dissolved oxygen

concentrations (Von Arx, 1962). Entrainment and upwelling of the Slope Water will then

provide oxygen to deep waters of the GoM, while surface mixing might be responsible for 02

concentrations close to the surface of the ocean.

3.2. Spatial variations in seawater TOC

TOC concentrations (Table 1) between 1.10 + 0.07 and 1.64 ± 0.09 mg/L were consistent

with previous observations (Dai and Benitez-Nelson, 2001). Concentrations were higher closer

to shore, and the highest concentrations were measured at IPB, the station closest to shore.

Although not as high as at IPB, moderately high TOC concentrations were also observed at the

CB, MER, MWRA, and CCB 1 sampling stations. Also, decreasing concentrations with

increasing depth suggested that either terrestrial inputs or primary production were the main OC

sources in surface waters.

We do not have data from April 2004 to examine the temporal variations of TOC in the

GoM, but the close resemblance between our values and the ones reported by Dai and Benitez-

Nelson (2001) measured during the summers of 1996 and 1997 (Table 1), indicate relatively

small interannual variations of TOC in the GoM.



3.3. Spatial and temporal variations in POC

Consistent with the scenario described above for April (terrestrial runoff inputs, nutrient-rich

deep Slope Water, and a spring phytoplankton bloom; Figure S1), higher concentrations of

POCsu were found closer to the coast in the deep and shallow samples in the southwestern

central GoM (WB1, WB2, GSC) and at GB. A slightly different scenario was observed for

POCsE. In this size fraction, the highest concentrations were observed at MWRA, WB2 and GB,

and the lowest one at IPB. Since the phytoplankton population during the spring is mainly

dominated by diatoms (Townsend, 1996b), and a large percentage of these organisms are larger

then 53 gim (Kalff, 2002), these observations suggest that phytoplankton blooms were

responsible for both POCsu and POCSE in WB 1, WB2 and GB; while IPB was mainly influenced

by terrestrial material of particulate size smaller than 53 gim. Low chlorophyll a concentrations

measured at IPB further support this hypothesis. Autochthonous sources at GB are not

surprising, since upwelling of deep, nutrient rich water and intense mixing in this area promote

primary production (Durbin, 1996; Thomas et al., 2003).

Lower POCsu and POCsE observed at most stations during August/September were

consistent with lower terrestrial runoff inputs and the remnants of a summer thermocline that

reduced nutrient-rich deep water inputs (Figure S2) and thereby lead to lower primary production

rates. One exception was IPB, where concentrations of POCsu were not very different from the

ones observed in April, and POCsE concentrations were even higher than in the previous

sampling season. Although runoff fluxes may not have been as large as in April (river discharge

was much less), relatively high TOC concentrations were observed in this station during

August/September as well, indicating a continuous input of nutrient-rich terrestrial sources. The



relatively low chlorophyll a concentrations observed at this station during April (Figure S1)

indicated that conditions were not favorable for phytoplankton growth. The high concentrations

of settling POC observed at IPB may then be a mixture of allochthonous and autochthonous

sources.

Carbon-to-nitrogen (C/N) ratios can also serve as indicators of organic matter sources (e.g.,

Bergamaschi et al., 1997). Elevated C/N ratios compared to the Redfield C/N ratio of 6.6

(Redfield et al., 1963) in particles in the ocean suggest allochthonous sources or decreased net

community production (Kirztinger et al., 2001). Very distinct differences were observed in the

C/N ratios of the material collected during April and August/September 2004 (Table 2). While

average C/N ratios observed in the POCsu in the shallow samples of 6.2.+ 1.0 and 6.7 ± 0.7 for

April and August/September, respectively, were not statistically different from the Redfield ratio,

C/N ratios in the POCsE were much higher and variable (32 ± 29 and 64 ± 59 for April and

August/September, respectively; Table 3). These high C/N ratios may indicate that the material

collected in the POCsu was predominantly autochthonous. Relatively high C/N ratios close to

shore suggests inputs of terrestrial cellulose-containing debris (MWRA, IPB, CB). Further from

shore, the high C/N ratios observed in the shallow samples (WB 1, JB, GB, GSC) may have been

due to the presence of exopolymetric matter (formed by coagulation of dissolved organic matter;

Mari et al., 2001) or zooplankton mucus webs (Beaulieu and Smith, 1997; Alldredge, 1976).

These have C/N ratios larger than 14. The observed large variations could indicate mats or

patches of a mixture of materials from different sources in the ocean.

Differences between shallow and deeper water C/N ratios also provide useful information

about POC preservation and remineralization mechanisms throughout the water column. During

April, the C/N ratio of the POCsu generally decreased with increasing depth (Table 2). This



possibly indicated diminishing nutrient inputs from deeper waters into the surface ocean caused

the formation of POC with an evolving C/N ratio. In August/September, a higher C/N ratio in

some of the stations indicated post-bloom particulate export of the nutrient-deficient mixed layer

and preferential remineralization of nitrogen. Overall, our values of POCsu and POCSE, as well

as C/N ratios, were within the values previously reported by Charette et al. (2001) for this area

(Table 2 and 3).

3.4. POC export fluxes into the GoM

To estimate POC export fluxes we used our POCsE concentrations and contemporaneous

measures of radioactive disequilibrium between the particle-reactive 234Th and its water-soluble

source, 238U, in the same seawaters. We followed the approach proposed by Buesseler et al.

(1992) where the POCsE to 234Th ratio and the estimated 234Th flux (F-h) were used to estimate

POC fluxes in the water column at a given depth:

POCsEFd z()
FoC 234Thp Fr -dz, (1)

P Zl

where zl and Z2 are the depth intervals over which FTh is estimated. FTh can be estimated from

the total 234Th activity (ATh) balance (particulate and dissolved):

=Ath - - Ahh - FTh + KV2Ah + UVAh , (2)

where Au is the 238U activity and Xn is the 234Th decay constant (0.0288 1/d). The first term

represents the radiogenic production of 234Th, the second term is the loss of total 234Th by

radioactive decay; and the last two terms represent the contribution of 234Th from mixing (where



K is the eddy diffusion coefficient vector) and advection (where U is the velocity vector).

Previous studies have reported that in pelagic, continental shelf, and many coastal regimes, there

are modest variations between fluxes calculated using a one dimensional (1-D) or a three

dimensional (3-D) model (usually <factor of 2 except during storm-driven resuspensions,

Charette et al., 2001; Gustafsson et al., 1998). During both April and August/September 2004

cruises, the weather was relatively calm during our sampling close to the shore. Therefore, for

this study, we assumed a steady state model with negligible advective and eddy diffusive

transport (i.e., a 1-D, vertical model), but caution the reader about this assumption. Equation (2)

can then be rewritten as:

FT - Au - Ah h. (3)

Another assumption made to estimate export fluxes using this model is that POCsE is the primary

component of the sinking particles; i.e., 234Th deficiencies are associated with the same

aggregates responsible for sinking POCsE. Cochran et al. (1995) advised caution in the use of

this method to estimate export fluxes in coastal areas where 234Th removal may be subject to

removal due to mineral-rich particles. Therefore, in particular when interpreting data from April

(due to large runoff flows), we should be aware of the potential overestimation of POCsE export

fluxes in the areas close to river mouths (i.e., IPB, CB, MER). It is also important to point out

that POC fluxes estimated using the approach described above depend on the integration depth

used (based on hydrographic data) and POC/2 34Th data available. For our analysis we chose the

integration depth based on observations of density anomalies on our contemporaneous CTD

profiles, and we used weighted average POC/234Th export ratios from our shallow and deep

samples for our calculations.



POCSE export fluxes between 0.34 and 7.1 g/m 2-d for April and 0.63 and 9.5 g/m2 d for

August/September were similar to values previously reported by Charette et al. (2001) for this

area at a similar depth (Table 4). In general, higher export fluxes were observed during

August/September than April. Contrary to these observations Charette et al. (2001) observed the

highest export fluxes during March, and the lowest ones during September. Our hydrographic

data suggested that, although higher concentrations of POCSE were observed during April,

surface mixing may have promoted particle resuspension (Brown and Irish, 1993; Gustafsson et

al., 1998) and prevented settling of phytoplankton (Kalff, 2002). In contrast, during

August/September the observed warmer, less dense surface seawater, may have reflected

increased zooplankton feeding and fecal pellet sinking, thereby enhancing POCSE export fluxes.

Destratification of the water column and phytoplankton blooms in this area are common during

October-November and have been observed as early as September in the Jordan Basin (Thomas,

2003). However, the sharp temperature gradients, our low chlorophyll a concentrations, and our

large POCsE fluxes indicate that our sampling was before the autumn destratification of the water

column. Variations between our estimated POC export fluxes and those previously reported by

Charette et al. (2001), point out to the sensitivity of these measurements due to seasonal and

annual differences. For example, during certain years, phytoplankton peak blooms might occur

earlier or be less intense than in other years (Thomas et al., 2003); similarly, variations in the

intensity and the volume of runoff flows observed between years (Brown and Irish, 1987) might

contribute to increased or decreased POCsE export fluxes.

3.5. Organic carbon (OC) sedimentation fluxes



Unlike values previously reported for sediment traps (18 goc/m 2 yr and 15 goc/m2.yr for WB

and JB at 150 m deep during October 1995; Pilskaln, 1997) and average sedimentation burials (5

goc/m2 yr; Christensen, 1989) in this area, our estimated sedimentation rates in surface sediments

in the GoM were somewhat higher at between 21 (WB1) and 64 (CCB) goc/m2 yr (Figure 3).

CCB and IPB, close to shore stations, presented the highest sedimentation rates, followed by

MWRA (a close to shore site) and JB (an offshore site). However, the sediment-integrated 210Pb

inventory at JB of 94 dpm/cm 2 was more than twice the atmospheric input 39 dpm/cm 2 reported

by Grausteing and Turekian (1986), indicating focusing of sedimentation material at this basin.

Integrated 210Pb inventories of 45, 33, 26, and 26 dpm/cm 2 were seen for MWRA, WB, CCB,

and IPB, respectively, indicated that neither focusing nor horizontal transfers were main

transport processes in these areas (Heit and Miller, 1987). Charette et al. (2001) reported organic

carbon burials of 28 and 7.2 mg/m2-d for WB and JB, respectively, which correspond to 10 and

2.6 g/m2 on an annual basis. These values are much lower than what we observed. For their

calculations they considered a constant sediment accumulation rate for the whole region of 1

mm/yr previously reported by Hulbert and Given (1975), while Gustafsson et al. (1998b)

reported 2.4 mm/yr for this area, and we measured sediment accumulation rates of 3.4 mm/yr for

WB and 6.5 mm/yr for Jordan Basin (without focusing correction). However, due to our limited

spatial data, we are unable to say whether or not this estimate may be more representative of the

whole GoM area than the value reported by Charette et al. (2001).

Burial rates generally decreased with increasing depth into the sediment bed at MWRA, JB,

and CCB; remained relatively constant at WB; and had an initial increase followed by an

eventual decrease at IPB (Figure 3). Variations in the observed fluxes could be attributed to (a)

variations in the amount of material and the sources of the material deposited; (b) differences in



the characteristics of the depositional basin (e.g. oxic vs anoxic); and, (c) changes in the

concentrations of detrital mineral phases in the settling material (Hedges and Keil, 1995). To

have a better understanding of the main factors involved in sedimentation rates in the GoM, here

again we looked at C/N ratios. Consistent with our previous observations of increasing C/N

ratios with increasing depths of the water column, C/N ratios at the surficial sediments in all of

our samples were higher than in the water column. IPB and MWRA were the two stations with

the highest C/N ratios, indicating the presence of terrestrial sources, while JB, WB and CCB

were lower and presented similar values, possibly indicating similar sources. However, for the

most part, C/N values remained unchanged with increasing depth or went back to the surficial

value after an initial increase (Figure 4). Waskman et al. (1933) and Wang et al. (1998) reported

similar C/N ratios for the same area of study (WB and JB) and the northeastern Pacific Ocean,

respectively. From these observations, Wang et al. (1998) concluded that carbon and nitrogen

degradation rate constants were about the same. However, since nitrogen-preferential

remineralization was observed in the water column, we believe that a more likely explanation is

that degradation at these sites is minimal (due to anoxic sediments or mineral entrapment;

Hedges and Keil, 1995) and that changes in fluxes with decreasing depth indicate variations in

the intensity and source of the buried material.

3.6. Mass balance of the GoM

Our main goals in developing a carbon mass balance were (a) to estimate the main carbon

inputs and outputs of organic matter into the GoM and (b) to identify internal or external sources

or sinks, towards increasing our understanding of the carbon cycling in this region. For this

purpose, we used our TOC concentrations to estimate total carbon inputs from rivers, the Scotian



Shelf Water, and the Slope Water; and outputs from the Maine Surface Water, and the Maine

Intermediate Water (Figure 5; Table S3 and S4). To estimate export from the surface ocean into

the deeper ocean, we used our April POC export fluxes (Table S3). To estimate export to the

benthos, we used our measured sedimentation rates (Figure 3). To estimate wet and dry

deposition of organic carbon from the atmosphere, we followed the model described in Seinfeld

and Pandis (1998) using the scavenging coefficients reported by Daggupaty et al. (2003). We

used average data from atmospheric TOC concentrations reported above the GoM during 2004

(Heald, et al., 2006). Finally, since we were not able to collect contemporary information of

primary productivity during our sampling campaigns, to estimate the export/production ratio in

this area (Buesseler, 1998), we used an average gross annual primary productivity of 420 g/m2 yr

(Buesseler, 1998; Charette et al., 2001; O'Reilley and Bush, 1984). For this exercise, we

considered the total area of the GoM to be 200,000 km2 , and detailed bathymetric data (surface

area every 10m) that divided the GoM in 10 regions (Scotian Shelf and Eastern Coastal Shelf,

Bay of Fundy, Northern Coastal Shelf, Southern Coastal Shelf, Great South Channel, Georges

Bank, Georges Basin, Jordan Basin, Wilkinson Basin, and Central Gulf of Maine; USGS, 2004).

Where data was not available, concentrations were extrapolated from our values and previous

TOC measurements (Dai and Benitez-Nelson, 2001; Whitehouse et al., 1990).

Due to differences in the time scales of the processes under consideration (e.g., for

practicality, sedimentation rates are measured on an annual basis while surface water export

fluxes are calculated on a monthly basis) and seasonal and annual variations, here we present a

mass balance on an annual basis. As mentioned before, comparing our August TOC

concentrations with the values reported by Dai and Benitez-Nelson (2001) indicated that TOC

remains relatively constant throughout the year, and, therefore, we consider our values to be



good approximation of average annual TOC concentrations. However, based on previous

observations from primary production variability (O'Reilly and Dow, 2006) and to avoid

overestimations due to above-average POC export fluxes observed in August/September, April

values were considered to be good estimates for average annual export fluxes.

Our mass balance indicated that primary productivity was the main source of organic carbon

to this area (Figure 5). The major external inputs of organic carbon into the GoM were the

Scotian Shelf Water and the Slope Water, and the major outputs were the Maine Surface Water

and the Maine Intermediate Water, while river and atmospheric inputs were relatively minor.

Similar to what has been previously reported, our mass balance indicates that less than 7% of the

primary production reached the sediments, while the other 93% was either recycled within the

mixed layer or exported in the southern GoM water currents (Maine Surface and Intermediate

Waters). Also, similar to previous studies in this area (Benitez-Nelson et al., 2000; Buesseler,

1998; O'Reilly and Busch, 1984), we found that our estimated POC export fluxes from the

surface seawater layer corresponded to about 50% of the gross primary productivity.

Considering all the inputs and outputs of our system, this finding indicates that about 80% of the

gross primary productivity was respired, while only about 20% corresponded to net primary

productivity. The GoM is known to be a very productive area, and previous estimates of net

primary productivity in the euphotic zone have been estimated to be between 65 and 80% of the

gross primary productivity (Duarte and Cebrian, 1996; O'Reilly and Dow, 2006; Ji et al., 2007).

Although it is possible that our mass balance might be overlooking an important source term, our

results suggest that carbon remineralization continued to be extensive below the euphotic zone.

Finally, our estimated mass balance indicates that the GoM has a net export of OC into the



northeastern North America circulation system on its way towards Cape Hatteras (Beardsley et

al., 1996).

4. Conclusions

Although uncertainties in the mass balance presented here arise from the lack of additional

information regarding the inter- and intra-annual variations, this study allowed us to have a better

understanding of some of the main process that organic carbon undergoes before and after burial

in the GoM. Our measured TOC and POC concentrations and our estimated POC fluxes were

consistent with the contemporaneous measurements of salinity, temperature, chlorophyll a, and

dissolved 02 concentrations, and the annual cycle in the GoM. Consistent with phytoplankton

blooms, OC concentrations (TOC, POCsE and POCsu) were generally higher in April than in

August/September and closer to the shore. Contrary to previous investigators (Buesseler, 1998;

Charette et al., 2001) where it has been reported that phytoplankton blooms are responsible for

most of the export fluxes of POC, we saw large fluxes when blooms were not apparent. In

addition, the higher POC export observed during August/September than April may reflect

changes in the food web structure during the summer, resulting in increased grazing and fecal

pellet production (Meise and O'Reilly, 1996). Since most particulate export studies have been

made during (or around) phytoplankton blooms, larger POC export fluxes measured during

August/September instead of April (phytoplankton bloom), suggest that global estimates of OC

export fluxes, and therefore the biological pump, may be underestimated. Finally, our mass

balance indicated that a large part of the settling material was recycled within the water column

and although preferential remineralization was observed within the water column (increased C/N



ratio), once the settling material reached the sediments, variations in C/N ratios were small,

indicating minimal remineralization of organic material in these coastal sediments

Some of the caveats of the presented mass balance include the lack of colloidal and

dissolved phase export fluxes; and the lack of contemporaneous primary productivity

measurements. Dai and Benitez-Nelson (2001) reported that colloidal OC represented an

important fraction of OC. However, they also reported that the estimated export fluxes of

colloidal OC and dissolved OC were small compared to POC. This study and comparison with

previous studies point out to the importance of including contemporary data to the fate and

transformation processes of carbon due to inter- and intra-annual variations in the GoM.

However, additional field studies are needed to address seasonal and intra-annual variations, to

corroborate previous findings, and to monitor changes and variations that affect our

understanding of this coastal system.
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Figure captions.

Figure 1. Hydrography of the GoM and surface and deep layer circulation during the stratified
season (Beardsley et al., 1996 after Brooks, 1985).

Figure 2. Seawater POC and sediment sampling locations.

Figure 3. TOC sedimentation rates (gToc/m2-yr) in the GoM.

Figure 4. Carbon-to-nitrogen ratio in sediment profiles in the GoM. Filled diamonds and
squares represent MRWA and JB, respectively; open triangles, circles, and squares represent
IPB, WB, and CCB, respectively.

Figure 5. Organic carbon mass balance in the GoM. Tg = 1015 g. Detailed bathymetric data
from Incze and Jakobsson (2008); atmospheric BC concentrations from Heald et al. (2006);
water volumetric flows from Townsend (1996), and TOC water content and sedimentation rates
from this study (Table S3 and S4).



Table captions

Table 1. Gulf of Maine (GoM) sampling stations site identification, total organic carbon (TOC;
mg/L), and oxygen saturation (%) observed during August 2004 (R/V Cape Hatteras).

Table 2. Suspended particulate organic carbon (POCsu; ptg/L) concentrations and C/N ratios in
the GoM.

Table 3. Settling particulate organic carbon (POCsE [tg/L) concentrations and C/N ratios in the
GoM.

Table 4. POCsE export fluxes in the GoM (g/m 2'd).



Table 1. Gulf of Maine (GoM) sampling stations site identification, total organic carbon (TOC;
mg/L), and oxygen saturation (%) observed during August 2004 (R/V Cape Hatteras).

Sample Lat Long TOCa  02 saturation
Location Name- (%)

depth (m) +N/-S +E/-W mg/L April Aug/Sep
Mass. Water Resources
Authority. (6 m)
Mass. Water Resources
Authority. (20 m)
North Mass. Bay (6 m)
North Mass. Bay (50 m)
Merrimack River (6 m)
Merrimack River (20 m)

Casco Bay (6 m)
Casco Bay (15 m)

Wilkinson Basin 1 (6 m)

Wilkinson Basin 1 (80 m)
Wilkinson Basin II (8 m)
Wilkinson Basin 11 (30 m)
East Platts Bank (6 m)
East Platts Bank (35 m)
East Platts Bank (80 m)
Inner Penobscott Bay (3 m)
Inner Penobscott Bay (6 m)
Jordan Basin (8 m)
Jordan Basin (60 m)
Jordan Basin (80 m)
Georges Bank (8 m)
Georges Bank (60 m)

Great South Channel (8 m)
Great South Channel (60 m)

Cape Cod Bay I (6 m)

Cape Cod Bay II (6 m)
Cape Cod Bay 11 (20 m)

MWRA-6 42.37 -70.81 1.44 ± 0.03 1 .7 6b

MWRA-20
NMB-6
NMB-50
MER-6
MER-20

CB-6
CB-15

WB1-6

WB1-80
WB2-8

WB2-30
EPB-6
EPB-35
EPB-80
IPB-3
IPB-6
JB-8

JB-60
JB-80
GB-8

GB-60

GSC-8
GSC-60

CCB1-6

CCB2-6

CCB2-20

42.37
42.52
42.52
42.81
42.81

43.56
43.56

42.99

42.99
43.37
43.37
43.11
43.11
43.11
44.42
44.42
43.41
43.41
43.41
41.75
41.75

41.83
41.83

41.80

41.92
41.92

-70.81
-70.45
-70.45
-70.73
-70.73

-70.05
-70.05

-69.90

-69.90
-69.89
-69.89
-69.18
-69.18
-69.18
-68.83
-68.83
67.41
67.41
67.41
-68.00
-68.00

-69.67
-69.67

-70.05

-70.17
-70.17

1.25 ± 0.04

n.m.
n.m.

1.56 ± 0.04
1.25 ± 0.03

1.51 ± 0.04

1.40 ± 0.06

1.30 ± 0.02

1.16 ± 0.07

n.m.
n.m.
n.m.
n.m.

1.40 ± 0.09

2.20 ± 0.04

1.60 ± 0.04

1.40 ± 0.06

n.m.
1.11 ± 0.05

1.22 ± 0.04

1.10 ± 0.07

1.34 ± 0.06

1.09 ± 0.04

n.m.

1.64 ± 0.09

1.21 ± 0.04

99.6

99.7
100.3
100.4
100.8
99.7

1.54b  100.4
99.9

1.19 b  99.2

0.85b  100.1
100.3
99.8
99.8
100.0

99.4
99.9
99.9
100.0

100.1
100.3

1.42b  100.5
99.7

100.1

1.41b 100.4
1.35b 100.2

aCollected during August 2004; bDai and Benitez (2001); n.m. not measured

99.8

99.7

100.0
99.1

99.5
100.0

102.5

99.5

105.2

100.6
99.3
100.6
101.6

99.6
97.9
100.2

99.7
100.6

101.0
101.5



Table 2. Suspended particulate organic carbon
the GoM.

(POCsu; gg/L) concentrations and C/N ratios in

April 2004
Sample

MWRA-6
MWRA-20
NMB-6
NMB-50
MER-6
MER-20
CB-6
CB-15
WB1-6
WB1-80
W B2-8
W B2-30
EPB-6
EPB-35
EPB-80
IPB-3
IPB-6
JB-8
JB-60
JB-80
GB-8
GB-60
GSC-8
GSC-60
CCB1-6
CCB2-6
CCB2-
20

117a

C (Lg/L)
233 ± 1
214 ± 1
220 ± 1

29.8 ± 0.8
241 ± 1
234 ± 2
289 ± 1

40.5 ± 0.5
112 1

80.4 ± 0.5
49.9 ± 1.4
69.5 ± 0.4
73.2 ± 0.5

280 ± 1
196 ± 1

87.5 ± 0.5
23.7a 26.3 ± 0.6

132 ± 1
<1e

120 ± 1

230 ± 2
155 ± 1

C/N
7.2
6.5
5.9
4.5

N b.d.I.
5.6
6.8
4.7
5.4

5.5
4.4
5.3
5.2

8.8
7.1
5.9
5.3

6.2

5.7

5.9
6.7

August 2004
C (pgg/L)

131 1
82.2 + 1

119 1
93.8 ± 0.1

135 ± 1
171 ± 1

61.4 ± 0.1
14.3 ± 0.1

49.6 ± 0.1

27.4 ± 0.1
270 ± 1
185 ± 1

67.0 ± 0.1

19.9 ± 0.1
49.4 ± 0.1
51.8 ± 0.1

167 1
23.4 ± 0.1

94.8 ± 0.1

85.2 ± 0.1

C/N
5.2
5.4

7.3
5.7
7.6
8.9

38.9c 6.2
24.6

2 16d 7

8.4
6.4
5.8

29.2c 7.4

5.3

60d 5.1

6.3

8.9

19.7a

aCharette et al. (2001) March, 1995; bCharette et al. (2001) June, 1995; CCharette et al. (2001) September, 1995; dCharette et
al. (2001) August-September, 1997; e< x if signal to noise raitio is less than 3:1; Uncertainty for GFF/Quartz calculated error
propagation (including sampling and analytical error); uncertainty for Nitex screen is ± 1 a (n=3).
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Table 3. Settling particulate organic carbon concentrations (POCSE; ptg/L) and C/N ratios in the GoM.

April 2004
Sample C (mg/L) C/N

MWRA-6 89.2 _ 6.93 101.1
MWRA-20 33.7 ± 15.46 N b.d.l.
NMB-6 75.5 ± 2.84 8
NMB-50 5.79 a 0.66 N b.d.l.
MER-6 47.1 1.32 13.4
MER-20 23.9 a 1.47 N b.d.1.
CB-6 34.8 _ 1.91 9.7
CB-15 23.8 ± 0.76 N b.d.1.
WB 1-6 4.44a 35.8 ± 1.86 14.8 b  9.3a 48.9
WB 1-80 2.04a 17.9 b

WB2-8 199 a 4.59 20.1
WB2-30 21.2 ± 1.95 N b.d.1.
EPB-6 19.0 ± 0.14 N b.d.1.
EPB-35 8.25 ± 0.59 N b.d.l.
EPB-80
IPB-3 6.08 ± 3.03 N b.d.l.
IPB-6 8.42 a 12.39 49
JB-8 16.9a 39.2 ± 0.26 10 .5b 7.8a 23.7
JB-60 2.28a 10.7 ± 0.38 9.84 b  N b.d.1.
JB-80
GB-8 23.8 ± 0.99 39.7
GB-60 45.2 a 12.4
GSC-8 29.2 a 1.40 24.2
GSC-60
CCB 1-6 10.2 ± 4.88 N b.d.l.
CCB2-6 14.3 ± 4.81 N b.d.l.
CCB2-20

aCharette et al. (2001) March, 1995; bCharette et al. (2001) June, 1995; cCharette et al.

C (mg/L)
13.0 _ 4.7

21.2 a 12.1

9.87 ± 1.91
<l

e

10.1 ± 3.1
19.6 ± 0.7

1.80 ± 0.54
2.47 ± 2.33

6.06 ± 2.20

1.45 ± 1.13
20.7 ± 2.6
24.4 ± 0.9

5.10 ± 0.17

<le
3.47 ± 2.58
<1e, -4.0d
20.4 ± 1.6

<l e

18.7 a 4.9
29.0 1.1

August 2004
C/N

24.5
48.9

16.3
N b.d.l.

130.9
19.8
61.6
49.4

168.6

N b.d.l.
12.3
30.5
45.9

N b.d.l.
23

N b.d.l.
139.3

N b.d.l.

16.9
35

(2001) September, 1995; dCharette et al. (2001) August-September,

5.28c

6.72c

1997; e< x if signal to noise raitio is less than 3:1; Uncertainty for GFF/Quartz calculated error propagation (including sampling and analytical error);
uncertainty for Nitex screen is ± Is (n=3).

6.3
b



Table 4. POCSE export fluxes in the GoM (g/m2 d).

April 2004

C (g/m2 -d)
3.4 ± 0.3
1.2 ± 0.1

0.34 ± 0.03
2.3 ± 0.1

0.90 ± 0.08
2.6 ± 0.2

0.66 ± 0.08
0.51 ± 0.10

0.08 ± 0.05 b

August 2004

C (g/m 2 d)
9.5 ± 1.6

3.2 ± 0.5
3.6 ± 0.5

2.6 ± 1.4

4.0 ± 1.4
4.7 ± 0.4

2.7 ± 0.1c

JB 0.32 ± 0.17 a  0.30 ± 0.3 0.47 ± 0.13 b  2.6 ± 0.2 0.13 ± 0.02c
GB 4.1 0.4 0.63 ± 0.47
GSC 0.52 ± 0.04 5.9 ± 0.6
CCB1 2.4 1.1

CCB2 2.9 ± 1.0 5.3 ± 0.4
Charette et al. (2001) during: aMarch 1995, bJune, 1995; and cSeptember, 1995. Integration depth used to
estimate POC fluxes was chosen based on observations on CTD profiles. Weighted average POC/2 34Th
export ratios were used for calculations (except when data was not available; see Table S1 and S2).

Station
MWRA
NMB
MER
CB

WB 1
WB2
EPB
IPB

0.17 ± 0.04 a
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Figure 1. Hydrography of the GoM and surface and deep layer circulation during the stratified
season (Beardsley et al., 1996 after Brooks, 1985).
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water volumetric flows from Townsend (1996), and TOC water content and sedimentation rates
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Figure Captions

Figure S1. Vertical profiles of temperature (oC, pink), salinity (PSU, orange), chlorophyll a
(pg/L, green), 02 (gg/L, blue), and density anomaly (sigma-t, black) for each station sampled
during April (R/V Oceanus; OC-name of station) 2004.

Figure S2. Vertical profiles of temperature (oC, pink), salinity (PSU, orange), chlorophyll a
(gg/L, green), 02 (gLg/L, blue), and density anomaly (sigma-t, black) for each station sampled
during August (R/V Cape Hatteras, CH-name of station) 2004.

Table Captions

Table S1. Nitex screen POC/2 34Th ratios.

Table S2. 234Th and POCsE estimated fluxes.

Table S3. Mass balance Gulf of Maine.

Table S4. Gulf of Maine water inputs and outputs.



Table SI. Nitex screen POC/ 234Th ratios.

Nitex POC/234Th
Station name (depth, m) April 2004 August 2004

Mass. Water Resources
Authority (6 m) 568 27 623 109
Mass. Water Resources
Authority (20 m) 296 36 4450 764
North Mass. Bay (6 m) 193 11
North Mass. Bay (50 m) 109 16
Merrimack River (6 m) 111 6 489 73
Merrimack River (20 m) 181 13
Casco Bay (6 m) 1117 71 643 117
Casco Bay (15 m) 55.7 3.5 1070 70
Wilkinson Basin 1 (6 m) 141 9 210 86
Wilkinson Basin 1 (80 m) 195 121
Wilkinson Basin II (8 m) 82.6 4.2
Wilkinson Basin 11 (30 m) 477 40
East Platts Bank (6 m) 86 5 566 141
East Platts Bank (35 m) 107 11
East Platts Bank (80 m) 87.6 64.2
Inner Penobscott Bay (3 m) 68.1 19.8 1711 158
Inner Penobscott Bay (6 m) 64.6 12.2 1671 105
Jordan Basin (8 m) 70.2 3.6 277 26
Jordan Basin (60 m) 1655 127
Jordan Basin (80 m)
Georges Bank (8 m) 159 10 82.7 38.5
Georges Bank (60 m) 245 21
Great South Channel (8 m) 57.4 3.7 593 48
Great South Channel (60 m)
Cape Cod Bay I (6 m) 351 78
Cape Cod Bay II (6 m) 324 52 263 34
Cape Cod Bay 11 (20 m) 2171 133



Table S2. 234Th and POCSE estimated fluxes.

Integrated
dpm/m2 d

582
631
210
467
530
451
518
661
358
1508
757
561
754

Flux

3
9
13
10
30
20
22
3

33
36
20
6
6

POC/234Th
pmoVdpm

491
164
133
410
141
477
107
64.6 1
70.21
228
57.4
351
324

August/September
Station Integration Integrated Flux POC/234Th Flux POC Flux POC

depth (m) dpmlm 2 d t± mol/dpm ± mmol/m2d A g/m2.d ±

MWRA 12 353 2 2263 390 799 138 9.58 1.65
MER 12 542 2 489 73 265 39 3.18 0.47
CB 8 407 1 738 106 301 43 3.61 0.52
WB 50 1065 4 201 107 214 114 2.57 1.37
EPB 50 1199 8 281 96 337 115 4.05 1.37
IPB 3 229 0 1711 158 392 36 4.70 0.43
JB 50 777 6 277 26 215 20 2.58 0.25
GB 50 635 20 82.7 38.5 53 25 0.63 0.29
GSC 32 831 6 593 48 493 40 5.92 0.48
CCB2 12 409 3 1081 76 442 31 5.30 0.38

'POC/234Th ratio from deep sample was unusually high and decided to use ratio from shallow sample instead

April
Flux POC

9
Station

MWRA
NMB
MER
OCB
WB1
WB2
EPB
IPB
JB
GB
GSC
CCB1
CCB2

Integration
depth (m)

10
21

10.5
12
50
50
63
6

50
50
50
13
13

30
13
8
26
9
40
11
2.2
.6

19
.7
78
52

mmol/mrd
286
104
28

191
75

215
55
43
25

344
43

197
244

Flux
g/m 2.d

3.43
1.25
0.34
2.30
0.90
2.58
0.66
0.51
0.30
4.13
0.52
2.37
2.93

POC

0.21
0.10
0.03
0.15
0.08
0.24
0.08
0.10
0.03
0.36
0.04
0.53
0.47



Table S3. Mass balance Gulf of Maine (Tg = 1012g).

SurfaceSurface deep TotalSurface Total Vol Surface Deep Vol STOC] [TOC] Total TOC Surface Deep Export1  Export2  Eota
Region' Name Aea (km) Vol (km3)  (km3 )  (gg/L) (g/L) (Tg) TOC (Tg) TOC (Tg) area (km2) (g/m 2 yr) (Tg/yr)

(kin2 ) (kin n3) I) (ppgIL
2 Browns Bank 1,780 160 50 106 54 1137 855 0.17 0.12 0.05 1,743 110 0.19
3 Eastern Coastal Shelf 13,794 1,165 50 712 453 1137 855 1.2 0.8 0.4 10,628 110 1.2
5 Northern Coastal Shelf 19,311 1,435 20 517 918 1676 1402 2.2 0.9 1.3 16,541 382 6.3
6 Southern Costal Shelf 8,239 466 20 221 246 1400 1210 0.61 0.31 0.30 7,133 296 2.11
7 Great South Channel 5,202 511 40 260 251 1340 1089 0.62 0.35 0.27 5,200 190 0.99
9 Georges Basin 4,104 1,224 50 246 978 1222 1103 1.4 0.3 1.1 4,104 110 0.5

10 Jordan Basin 6,696 1,494 50 402 1,092 1398 1111 1.8 0.6 1.2 6,696 110 0.7
11 Wilkinson Basin 7,076 1,623 60 495 1,128 1300 1160 2.0 0.6 1.3 7,076 328 2.3
12 Central Gulf of Maine 44,799 8,127 40 2,236 5,891 1399 1194 10 3 7 44660 205 9

Total 111,001 16,206 5,194 11,012 20 7 13 23
See Appendix IV for description of region and detailed bathymetric data; 2Based on previous observations from primary production variability (O'Reilly and Dow, 2006) April values were considered to be good estimates

for average annual export fluxes.

Table S4. Gulf of Maine water inputs and outputs.

Vol' TOC2  TOC TOCInf lows (1012 m3/yr) (tg/L) (g/m3) Tg/yr

Rivers 0.08 1733 1.73 0.1
Scotian Shelf Water 6.3 723 0.72 5
Slope Water 8.7 723 0.72 6
Maine Surface
Water 5.0 1217 1.22 6
Maine Intermediate
Water 10 1180 1.18 12
'Townsend (1996); 2This study and Whitehouse et al. (1990) for estimates of Scotian Shelf
Water and Slope Water
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Figure S1 (continuation). Vertical profiles of temperature (oC, pink), salinity (PSU, orange), chlorophyll a (gg/L, green), 02
(gtg/L, blue), and density anomaly (sigma-t, black)for each station sampled during April (R/V Oceanus; OC-name of station) 2004.
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Figure S1 (continuation). Vertical profiles of temperature (oC, pink), salinity (PSU, orange), chlorophyll a (gg/L, green), 02
(gg/L, blue), and density anomaly (sigma-t, black) for each station sampled during April (R/V Oceanus; OC-name of station) 2004.
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Figure S2. Vertical profiles of temperature (oC, pink), salinity (PSU, orange), chlorophyll a (gg/L, green), 02 (gg/L, blue), and
density anomaly (sigma-t, black) for each station sampled during August (R/V Cape Hatteras; CH-name of station) 2004.
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Abstract

To increase our understanding of the role of black carbon (BC), a highly sorptive and recalcitrant

material, in the cycling of organic carbon, and its effects on other biogeochemical processes, we

measured BC concentrations and fluxes out of the water column in the Gulf of Maine (GoM), a

representative coastal area downwind of important BC sources of the Northeastern United States.

Concentrations were between <0.1 and 16 glg/L in the spring and late summer, typically

contributing between 1 and 20% of the particulate organic carbon (POC). These observations

suggested that (a) up to 50% of the "molecularly uncharacterized" POC in surface seawater is

combustion-derived BC, and (b) hydrophobic pollutants like polycyclic aromatic hydrocarbons

(PAHs) and dioxins would have their "bioavailabilities" substantially influenced by sorption to

BC. The observed BC spatial distributions and average water-column export fluxes near 10

gBC/m 2-yr for this area imply that a large part of the BC is carried offshore by wind and that

most of it is accumulated in the coastal zone. On a global scale, these results suggest the GoM

and other coastal areas with similar BC export patterns contribute with significant amounts of

highly recalcitrant organic carbon to the slowly cycling organic carbon pool in the world's

oceans.

Keywords: Black carbon; seawater; Gulf of Maine; carbon cycle.
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1. Introduction

Black carbon (BC), the soot and char formed during incomplete combustion of fossil and

biomass fuels, is ubiquitous (e.g., Goldberg, 1985; Massielo and Druffel, 2001; Park et al., 2003;

Schmidt and Noack; 2000; Suman et al., 1997) and may have significant implications for a wide

range of biogeochemical processes. For example, upon its emission to the atmosphere, BC

influences cloud droplet nucleation (Kaufman and Frase, 1997) and absorbs solar radiation,

thereby affecting the temperature and water content of both the atmosphere and the ground

underneath (Kaufman and Frase, 1997, Jacobson, 2004). It has even been suggested that these

BC effects have caused floods and droughts in recent years in China and India (Menon et al.,

2002). In addition, BC has been characterized as carcinogenic and a cause of respiratory

problems such as asthma (Dockery et al., 1993; Kiinzli et al., 2000). Perhaps such impacts are

not surprising since we know that BC is an important carrier of organic pollutants like polycyclic

aromatic hydrocarbons (PAHs) and polychlorinated dibenzodioxins (PCDDs) (Lohmann et al.,

2005).

Seiler and Crutzen (1980) first noted the potential implications of combustion processes to

the global carbon cycle. BC formed during biomass and fossil fuel burning is relatively inert to

biological and chemical processes and thus may be resistant to decomposition over geological

time scales (Middleburg et al., 1999). As a result, BC formed during vegetation fires and wood

burning transfers materials from a fast cycling biosphere (a more labile organic carbon) into a

long-term geological carbon cycle (a more refractory organic carbon). A fraction of the BC

emitted into the atmosphere is initially incorporated into soils (Eglinton et al., 2002; Schmidt and

Noack, 2000). However, recent studies suggest that BC may constitute an important fraction of

organic carbon in contemporary marine sediments (Gustafsson and Gschwend, 1998), where it
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can be preserved for thousand of years (Masiello and Druffel, 1998; Middleburg et al., 1999).

BC emissions have increased over the last century and are estimated to be between 6 to 24 Tg

BC/yr for fossil fuels (Hendricks et al., 2004; Penner et al., 1993, Reddy and Boucher, 2004) and

50 to 270 Tg BC/yr for biomass fuels (Kuhlbusch and Crutzen, 1995). These estimates are of the

same order of magnitude as those of riverine transport of particulate organic carbon (POC) into

the oceans (Hedges and Keil, 1995), and, if correct, may account for 2-16 % (of the 1800 to 2400

Tg C/yr) of the "missing C" in the global carbon cycle (Kuhlbusch, 1998b).

Presently, there is substantial uncertainty with respect to the fate of BC released to the

environment. After its production, BC particles can be deposited near their source or travel in

the atmosphere hundreds to thousands of kilometers reaching even the most remote ocean sites

(Goldberg, 1985; Garnstang et al., 1997). Observations of BC in rivers and estuaries (Mannino

and Harvey, 2004; Masiello and Druffel, 2001; Mitra et al., 2002) suggest that these combustion-

derived particles can be eroded from land and carried to sea. Since BC is found in coastal and

open ocean sediments, it is reasonable to assume that BC is present within, and travels through,

the oceanic water column. However, there are no measurements of BC in the seawater column.

As a result, we do not know: (1) the relative importance of BC transport to the sea via rivers

versus through the atmosphere; (2) the concentrations and residence times of BC in the oceanic

water column; (3) the contribution of BC to the POC in seawater; and (4) whether any BC

transformation mechanisms might occur within the water column.

Here we present the first measurements of BC concentrations in coastal seawater POC and

BC export fluxes from the coastal water column. BC content in seawater was measured using

the chemo-thermal oxidation method (CTO 375; Gustafsson et al., 1997) with pre-combustion

modifications to avoid charring. However, to support these measurements, we also report the

118



use of a novel sorption-based procedure for quantifying BC suspended in water. And to place

our observations into context, we compare estimates of BC fluxes (1) out of the atmosphere into

the seawater, (2) out of the water column, and (3) into the coastal bed sediments.

2. Materials and Methods

2.1. Site description

We filtered suspended solids from large-volume river and coastal seawater samples acquired

in the Gulf of Maine (GoM) region in both April and August-September of 2004. The GoM is a

semi-enclosed coastal sea located off the northeast coast of the United States and southwest of

Nova Scotia, Canada (Fig. 1A). It is a good representative of coastal areas located downwind of

important industrial and urban BC sources, as well as forested areas that regularly experience

natural and human-directed bums. Other important examples of such waters include the

Mediterranean Sea down wind of Western Europe, the coastal Pacific down wind of China, and

the east coast down wind of Mexico City. The residence time of water in the GoM is about a

year and the major inflows to this area are from the Scotian Shelf and the Northeast Channel

(Townsend, 1996). Additionally, there have been intensive studies in this area in the last three

decades that have provided a better understanding of the hydrography and water flow dynamics

of the GoM, as well as of other carbon cycling studies (e.g. Charette et al., 2001; Dai and

Benitez, 2001; Gustafsson and Gschwend, 1998, Chapter 3 of this thesis).

2.2. Sample collection

Different portions of the POC, defined by separated by size cut-offs, were collected during

two cruises to the GoM in 2004, one in April (R/V Oceanus) and another one in
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August/September (R/V Cape Hatteras). At each sampling station, water was collected from two

depths using a positive-displacement, stainless-steel, gear pump (Fultz Pump Inc, Lewis Town,

NJ) from either a shallow (- 6 m) or deeper depth (- 60 m). Seawater was pumped from depth

through stainless steel tubing that had been thoroughly washed with methylene dichloride,

methanol, and low-carbon water (18 mQ, produced using an Aries Vaponic system, Rockland,

MA). The seawater was pumped on-board without ever being exposed to the atmosphere and

successively passed through a 142-mm diameter, stainless steel, filter holder containing a 53-gpm

mesh-opening pre-cleaned Nitex screen (TETKO, Depew, NY) and then through a 293-mm,

stainless steel, filter holder with a 0.7-pm pre-combusted glass fiber filter (GFF) or quartz filter

(Pall Gelman Sciences, Ann Arbor, MI). All filter samples were rinsed immediately after

collecting with sulfurous acid (H2SO 3) to remove carbonates and then low-carbon water to

remove salts. Finally, filters were stored frozen in aluminum foil envelops. Sample blanks were

carried out throughout the sampling procedure and consisted of "wetting" the filters with 1 L of

seawater, before processing in the same manner as all the samples.

2.3. Organic carbon (OC) and black carbon (BC) measurements

We measured the BC collected on the filters and Nitex screens from seawater using the

chemo-thermal oxidation (CTO-375) method (Gustafsson et al., 1997) after slowly freezing the

samples to lyse cells and therefore minimize charring artifacts. The CTO-375 method is thought

to be particularly suited to analysis of the soot, as opposed to the biomass char, portion of the BC

spectrum (Gustafsson et al., 1997); and it has been extensively evaluated against potential

interferences from biogenic/diagenetic organic matter (Gustafsson et al., 1997; Reddy et al.,
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2002; Hammes et al., 2007). The methodologies to characterize the two different size cutoff

fractions of particulate organic carbon are described below.

2.3.1. OC and BC in the >53 mn POC

The Nitex screen was sonicated with 100 mL of GFF-filtered seawater (Whatman, Florham

Park, NJ) for 5 to 10 min to collect the >53 glm POC in a 150 mL pre-cleaned plastic container.

Following sonication, 50 mL of the collected sample were kept in the plastic container for further
234Th/238U disequilibria measurements, and the other 50 mL were transferred to a 60 mL pre-

combusted glass vial. Triplicates of 600 pL samples of the sonicated POC were placed in

crucible-shaped Ag capsules and acidified with about 200 laL of 6% volume H2SO3 (Fisher

Chemicals, Fairlawn, NJ). Half of the samples were kept frozen overnight and combusted at

375 0 C under air for 24 hr in a F47915 Thermolyne muffle furnace. Finally, the set of the non-

combusted samples was dried at 60 oC overnight, and the carbon weight percentage of both sets

of samples was determined using a CHN analyzer (Vario EL, Elementar America, Inc., NJ) at a

combustion temperature of 950 'C. Daily response factors were determined using acetanilide

standards, and the detection limit of the analyzer was 0.6 jg of C. Response factors for all

elements remained stable throughout the experiment (± 0.5 % for nitrogen, ± 0.07 % for carbon,

and ± 0.6 % for hydrogen). Every run included two sample blanks (no sample introduced in

CHN analyzer) to verify that previous combustion was complete, and blanks were subtracted

from raw sample data.

2.3.2. OC and BC in the 53 /an > POC > 0.7 /mn.

121



For OC measurements, 1/16 of the glass fiber filter or quartz filter was dried overnight at 60

'C, followed by elemental analysis in a Vario EL CHN analyzer (Elementar Americas, Inc., NJ;

see above). For BC measurements, 1/8 of the fiber glass filter or quartz filter was combusted at

375 "C under air for 24 hr in a F47915 Thermolyne muffle furnace, followed by CHN analysis.

Procedural blanks were carried throughout all OC and BC quantification procedures.

2.4. Losses of pyrene fluorescence

A complete description of this method is described elsewhere (Chapter 4 of this thesis and

Flores-Cervantes et al., manuscript in preparation, 2008). In brief, pyrene fluorescence-loss

experiments consisted of observing the decrease of pyrene fluorescence after additions of

different filter sub-samples with known OC concentrations. A small piece of the GFF/Quartz

filter (about 1/300) was added to precombusted 25 mL volumetric flasks containing pyrene at

about 1 ltgpyrene/L. 10 mM NaN3 was used to inhibit bacterial growth. The samples were

equilibrated for 30 d under constant shaking using a wrist shaker. Control flasks and blank

flasks were used to correct for losses and matrix interference.

Pyrene fluorescence was measured using a Perkin Elmer LS50B Luminescence

Spectrofluorometer (Buckinghamshire, England). Fluorescence signals were quantified by

synchronous AE scans, which were performed with AEnergy of -3000 cm -', an entrance slit of 5

nm, an exit slit of 5 nm, and a scan speed of 100 nm/min. Under those parameters, the detection

limit of the spectrofluorometer was 0.2 jig pyrene/L. For this method, pyrene losses in control

flasks for the duration of the experiment were <10%.

2.5. BC vertical fluxes using 234Th/ 38U disequilibria
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Two different fractions of 234Th were collected and analyzed. For analysis of dissolved/non-

settling 234Th, water was collected at different depths in pre-cleaned Niskin bottles; once on

board, the seawater was passed through MnO 2-impregnated adsorbers (Buesseler et al., 1992).

Dissolved 238U was calculated from salinity measurements (Chen et al., 1986) made on-board

during the cruise with a calibrated 8410A PortasalTm salinometer (Guildline, Smiths Falls,

Ontario, Canada). For analysis of particulate/settling 234Th, half of the sonicated > 53 pLm POC

from the Nitex screen (see above) was collected in a pre-cleaned plastic container, spiked with

230Th to serve as a recovery standard, and filtered through a precombusted 25-mm quartz QM-A

filter (pore size 2.2 gm; Whatman, Florham Park, NJ). The impregnated cartridges were spiked

with 230Th, and both fractions were dissolved in acid solution, purified in ion-exchange columns,

and electroplated onto stainless steal planchets following the procedure of Buesseler et al (1992).

The 234Th activity was then measured using low-background beta detectors. The measurements

were repeated 4-5 times within a week to check for background interferences, to improve

precision and accuracy, and to correct for the date of sample collection. The overall efficiencies

for the MnO2 cartridges (recovery, counting and beta detection) and the QM-A filter (counting

and beta detection) were estimated to be 29 and 32%, respectively. Charette et al. (2001)

reported detection efficiencies between 35 and 64% for the MnO2 cartridges, and 35 ± 1.2% for

the for QM-A filter geometry.

2.6. Radiocarbon analysis

Radiocarbon analyses of OC and the CTO 375-isolated BC were done following the

procedure previously reported by Reddy et al. (2002) with some slight modifications. In brief,

between 24 and 240 gg of BC present in one eighth of the quartz filters, and 320 to 1,600 plg of
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OC present in one sixteenth of the filters were HCI-fumed, dried in a desiccator, rolled up and

packed into a 12 mm x 20 cm precombusted quartz tube containing copper oxide (100 mg) and

elemental silver wires. The tubes were then evacuated on a vacuum line, flame sealed, and

combusted at 850 'C for 5 h. The carbon dioxide produced was then isolated and purified using

a series of cold traps and quantified by manometry. About 10% of the isolated carbon dioxide

was analyzed for 613C, and the remainder was reduced to graphitic carbon, pressed and mounted

on target wheels for 14C analysis by accelerator mass spectrometry at the National Ocean

Sciences Accelerator Mass Spectrometry (NOSAMS) facility at Woods Hole, MA, USA

(McNichol et al., 1994). Radiocarbon results were normalized to 813 CVPDB= -19 per mil and

reported relative to NBS Oxalic Acid I as fraction modem (fm) and A14C (Stuiver and Polach,

1977).

3. Results and Discussion

3.1. Seasonal patterns observed in the Gulf of Maine (GoM).

Our CTD measurements of salinity, temperature, chlorophyll a and 02 concentration (Table

1) were able to identify two distinct seasonal patterns. During the spring (April) of 2004, we

observed relatively low salinities in the shallow samples at the stations close to shore, high

chlorophyll a concentrations in the surface waters at all of our stations, and small vertical and

horizontal variations of temperature and 02 throughout the GoM. In contrast, during

August/September of 2004, we saw large temperature and 02 concentration vertical gradients,

but small variations in salinities between the shallow and the deep samples, and low chlorophyll

a concentrations at all of our sampled stations. These observations are consistent with the

GoM's annual cycle of: (a) winter cooling with deep surface mixing; (b) intense spring
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phytoplankton blooms and large inputs of local river runoff and Scotian Shelf freshwater; (c)

warming with summer stratification and nutrient depletion in the surface waters; and (d) time

varying autumn phytoplankton blooms and vertical mixing (Townsend, 1996, Brown and Irish,

1993, Durbin, 1996, DFO, 2004).

The seasonal patterns observed in the GoM have important implications for BC cycling in the

GoM. Phytoplankton blooms are thought to be responsible for a large fraction of the POC

exported out of the surface waters. For example, Smetacek et al., (1978) reported that the spring

bloom in the northern Baltic Sea contributes with as much as half of the total annual flux of

organic matter to the benthos in shelf waters. In addition, river run off has also been recognized

as an important source of terrestrial POC, especially to the coastal oceans (Hedges and Keil,

1995). Samples taken during high river flow during the month of April and low river flow

during August/September 2004 allowed us to capture representative samples to assess the

importance of river transport of BC to the ocean, while enhanced POC export fluxes resulting

from spring (and possibly late summer) blooms, allowed to us to assess the importance of POC

BC water column export.

3.2. BC concentrations and percentages of OC in the GoM

BC concentrations measured with the CTO-375 method in GoM seawater ranged from

undetectable (<0.1 [tg/L) to 15 gtg/L (Fig. lB and Table 2). Signal-to-noise ratios for were larger

than 4:1 for April and 3:1 for August. Variations between replicate subsamples of the same filter

were less than 20% (n = 11), and we found excellent correspondence (R2 = 0.99, n = 6) between

samples measured by our elemental analysis and the carbon yields from closed-tube combustion

used for isotopic analysis. These BC values represent 1 to 20% of the POC in these seawaters.
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We also observed 59 ± 7 gg/L (n = 3) in the Charles River and 51 + 6 tg/L (n = 2) for

Boston Harbor. These concentrations represented about 4% of the POC measured in these urban

waters (data not in table).

To affirm the accuracy of these results, we used pyrene fluorescence losses (Chapter 4 of this

thesis and Flores-Cervantes et al., manuscript in preparation, 2008) as a second approach to

measure BC in Jordan Basin seawater. Since BC has a strong affinity for pyrene (Accardi-Dey

and Gschwend, 2002), we inferred BC concentrations by observing diminished pyrene

fluorescence when filter subsamples were added to pyrene solutions. Using the Jordan Basin

surface samples and a range of initial pyrene concentrations (from 0.3 to 4 ppb), we observed a

nonlinear sorption isotherm (Fig. 2). Previous researchers have recognized that PAHs exhibit

high distribution coefficients and nonlinear isotherms for sorption onto BC (Bucheli and

Gustafsson, 2000; Accardi-Dey and Gschwend, 2002; Lohmann et al., 2005). Hence, the

isotherm was consistent with the presence of a BC adsorbent in the filtered solids (i.e.,

Kd=focKoc+fbcKbcCw n -1) (Gustafsson et al., 1997; Accardi-Dey and Gschwend, 2002). Moreover,

the absolute value of the observed Kd was much greater than expected using the traditional focKoc

model (Karickhoff et al., 1979; Chiou et al, 1979.) Using the isotherm and assuming a log Kbc Of

6.25 (Accardi-Dey and Gschwend, 2002), BC collected on the filter at this particular site was

estimated to be present at 4.2 + 1.4 gLg BC/L, as compared to the 4.5± 1.8 pLg BC/L seen by the

CTO-375 procedure (Table 2). The strong correspondence of these diverse BC analytical

approaches indicates that the CTO-375 method gave an accurate measure of soot-derived BC for

our samples.

3.3. Spatial and temporal variation of BC concentrations.
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BC concentrations generally decreased with distance from shore, but no general

concentration trends were observed between April and August/September or as a function of

water depth (Table 2). In contrast, OC concentrations for the GoM generally decrease with

depth and are higher during the months of March and April than September and August

(Charette et al., 2001; Table 1). These observations are not surprising since (1) BC is likely

more recalcitrant than OC, therefore, surviving remineralization in the water column, and (2)

atmospheric BC concentrations in this area, although generally higher during the winter (due to

increased fuel used for heating) and summer (due to AC use and forest fires prevalent at this time

of the year) months, show high variability throughout the year (Gryparis et al., 2006;

http://airmap.unh.edu/).

The spatial distribution of BC concentrations compared well with previous studies of closely

related compounds, PAHs, in the same coastal ocean (Windsor and Hites, 1979). Similar to the

observations of Windsor and Hites (1979), during April our data showed a best-fit-exponential

decay of the observed surface concentrations at 0.030 ± 0.004 per km in a straight line within a

distance of 70 km from the Boston urban area, and of 0.022 ± 0.006 per km in the entire GoM

within a distance of 70 km from shore (Fig. 3). Further away from the sources, the observed

concentration decay was 0.004 ± 0.003 per km (data not shown). During August no statistical

difference was observed between the exponential decays of the samples closer or further away

from shore, and the overall exponential decay was much lower than in April (0.002 ± 0.001 per

km; data not shown). Consistent with these observations, Van Dingenen et al. (1995) observed

an exponential concentration decay of BC in the atmosphere of 0.001 per km for distances

between 600 and 2000 km from shore in the North Atlantic. The observed spatial distribution of

BC concentrations suggests two important findings: (1) most of the BC produced on land and
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exported offshore accumulates within 100 km of shore (here, on the continental shelf); and (2)

BC will act as an important transport medium for combustion-derived contaminants like PAHs in

the Gulf of Maine.

3.4. 234Th 38U disequilibria and BC water column export fluxes

Using the BC concentrations and our contemporaneous measures of radioactive

disequilibrium between the particle-reactive 234Th and its highly water-soluble radiogenic source,

238U, in the same seawaters (Table 3), we solved for the fluxes of BC out of the water column at

some of our sampling stations. Buesseler et al. (1992) proposed that POC fluxes could be

estimated empirically by measuring the ratio of POC-to-234Th on settling particles (> 53 rim).

By means of this same approach, we estimated BC export fluxes (FBc) out of the mixed surface

layer (zrix) by measuring the BC-to-234Th ratio on POC > 53 ptm in the water column at a given

depth:

Fpoc = 234ThSE FTh -dz, (1)
S234Th p z2

where zl and z2 are the depth intervals over which FTh is estimated. Fn is the 234Th particulate

export flux and can be derived from the total 234Th activity balance (particulate and dissolved):

SA - Th + KV 2 ATh + UVATh (2)
at

where the first term represents the radiogenic production of 234Th with Au the 238U activity and

mTh is the 234Th decay constant (0.0288 I/d); the second term is the loss of total 234Th by

radioactive decay and An is the total 234Th activity; and the last two terms represent the

contribution of 234Th from mixing (where K is the eddy diffusion coefficient vector) and

advection (where U is the velocity vector). Previous studies in this area have reported that in
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pelagic, continental shelf, and many coastal regimes, there are modest (usually <<factor of 2

except during storm-driven resuspensions, Gustafsson et al., 1998) variations between fluxes

calculated using a one dimensional (1-D) or a three dimensional (3-D) model (Gustafsson et al.,

1998; Charette et al., 2001). The weather was relatively calm during our sampling close to the

shore in April 2004, and much calmer throughout or August/September sampling campaign.

Therefore, for this study, it was assumed that a steady state model with negligible advective and

eddy diffusive transport could be used (i.e., a 1-D, vertical model), but we caution the reader

about this assumption. Equation (2) can then be used and rewritten as:

Fn = Au, - 4An (3)

Substituting eq. (3) in eq. (1) and using our contemporaneous 238Th and 238U data (Table 3),

the calculated BC export fluxes fell within a range of <0.3 and 36 gBc/m 2.yr with larger fluxes

closer to shore and during the August/September sampling campaign (Table 4). Concentrations

of particulate 23 4Th were highest during April, and, similar to what others have reported for this

area (Charette et al., 2001; Gustafsson et al., 1997b) 234Th-to-238U ratios increased with

increasing distance from particle rich coastal areas. Smaller 234Th-to-238U ratios closer to shore

and in August/September suggested larger exports of particulate matter out of the surface ocean,

while higher concentrations of particulate 234Th in April indicate the larger amounts of

suspended particulates in the water column. These observations agree well with the larger BC

export fluxes observed close to shore (urban, semi-urban, and close to shore areas) and during

the month of August/September (Table 4), the higher concentrations of BC collected on the

Nitex screens during the month of April (Table 2), and the GoM's annual cycle described above

(section 3.1.). During the spring, rivers discharge large amounts of terrestrial suspended

particles that will settle as they enter slower flowing coastal waters. During the late summer,

129



reduced nutrient availability (consequence of the stratification of the water column) and warmer,

calmer, and less dense surface water decreases primary productivity and causes phytoplankton to

drift to the bottom of the ocean. Zooplankton grazing and fecal pellet production might have

further contributed to the high POC fluxes observed in August/September (Durbin, 1996). In

both of these cases, the falling particles will carry down with them highly "sorbing"

chemicals/materials (such as 234Th and BC). The exceptionally low 234Th-to-238U ratio observed

at Inner Penobscot Bay (IPB) indicated the importance of particle export to the sediments in this

area. However, IPB was a very shallow and close to shore sampling station where horizontal

transport could be significant. Therefore, our BC fluxes might include both horizontal and

vertical transport.

To check our estimated water-column export fluxes for geochemical consistency, we

contrasted them with atmospheric BC deposition estimates and sediment BC burial rates for this

region and similar regions (Table 4). Although there are difficulties in comparing BC data

measured via different methods (see Hammes et al., 2007), our calculated water column BC

export fluxes were of the same order of magnitude (gBc/m2-yr) as the estimated atmospheric BC

deposition and reported BC sedimentation. Some of the observed variability could be due to the

use of very different BC quantification methods. The concentration of aerosol BC used to check

for geochemical consistency was measured using a combination of thermal and optical

techniques (e.g., Hansen et al., 1983; Birch et al., 1996), while sedimentary and water column

BC results were measured using chemical or chemo-thermal oxidation methods (e.g., Wolbach

and Anders, 1989; Gustafsson et al., 1997). Recent method intercomparison studies (Currie et

al., 2001; Hammes et al., 2007) show that thermal-optical techniques and chemo-thermal

oxidation methods yield BC data that differ by more than a factor of 10. Further more, Liousse
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et al. (1993) pointed out that variations in the specific attenuation cross-section (a) used for

measurements of BC in optical analyzers in remote areas can lead to the underestimation of

about four times the measured BC concentration. Differences in our GoM observations could

also be due to the substantially different time-scales integrated in each environmental

compartment. Atmospheric concentrations and fluxes may vary on timescales of days as

phenomena like wind direction and precipitation vary; in contrast, the water column export

results reflect processes occurring over many months and burial observations reflect fluxes

averaged over many-year time periods. For the purpose of data comparison, we extrapolated our

seasonal results to an annual basis. However, our data indicate that large seasonal surface-water

export fluxes were present during our sampling events, indicating that our values, calculated on

an annual basis, may be somewhat uncertain. Finally, spatial variations may play some role; for

example, deposition into some of the basins may reflect sediment focusing. Despite all these

difficulties, it is clear that the diverse data sets exhibit substantial consistency with BC fluxes in

the order of gaBc/m 2 per year for this region.

3.5. Radiocarbon measurements of BC and OC

Radiocarbon (14C) measurements of the BC in selected samples were used to test for POC

charring artifacts and to assess whether fossil fuel combustion was the dominant source of BC in

the GoM seawater. In no case did the 14C signature of the BC match the 14C of the same

sample's POC, implying that the data did not simply reflect charring of POC. Rather, it appears

that the fossil fuel contributions ranged widely from only about 15 to as much as 90% (Fig. 4).

The highest fossil fuel-contribution to the BC was observed for the sample closest to Boston near

the Massachusetts Water Resources Authority sewage discharge site, indicating the importance
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of fossil fuel-combustion for soot inputs in this area. The samples with lower fossil fuel-derived

BC content were distant from urban centers (Georges Bank, Penobscot Bay and Wilkinson

Basin). Therefore, if charring was not present, the relatively modern 14C content of these BC

samples indicates they were substantially affected by biomass burning (e.g., forest fires or use of

wood for home heating).

The importance of biomass burning appears reasonable. Energy use data from the Energy

Information Administration (http://www.eia.doe.gov/), combined with a technology based

emission factor approach (Bond et al., 2004), suggests that within New England 30% of the soot

BC (<1 um) is produced from biofuel or biomass combustion, while 70% comes from petroleum,

coal, and natural gas combustion (Table S1 and S2). Moreover, in the summer of 2004, large

plumes of smoke deriving from intense boreal forest fires were observed in the GoM during

August of 2004 (e.g. Martin et al., 2006; Quinn et al., 2006). Long distance transport selects for

smaller, soot-like BC particles formed during biomass/biofuel combustion (Garstang, et al.,

1997). Therefore, our August/September cruise samples (Fig 5) may have been especially

affected by distant forest fires.

Stable carbon isotope (613C) data were also collected for some of our samples (Table S5).

However, since BC sources from biomass combustion in the New England area have

contributions from a wide mix of sources (tundra-like communities, coniferous forests, and

hardwood forests; Magee and Ahles (1999)), uncertainty in the source signatures (Table S6)

prevented us from making a simple mixing interpretation of this data.

3.6. BC mass balance in the GoM
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To characterize the fate of BC emanating from the Northeast United States coastline, we

calculated the various BC sources and sinks into and out of the GoM (Fig. 1 C, Tables S3 and

S4). Atmospheric deposition (mainly wet) was the main BC input into the GoM. In contrast to

previous reports (Masiello and Druffel, 2001), rivers only contribute minor inputs to this coastal

system, despite having elevated BC concentrations in slow-flowing urban systems like the

Charles River (Table S4). The chief output of BC from the GoM was sedimentation, although

there was significant water-borne transport offshore (i.e., Maine Surface Water and Maine

Intermediate Water have higher concentrations than Scotian Shelf Water and Slope Water). The

residence time of BC in the water column was about two months. This residence time is

consistent with our observed changes in BC concentrations between April and August.

An imbalance in our inputs and outputs in the GoM mass balance suggests that either we are

underestimating our BC sources or that we are not accounting for an important source. It is

possible that atmospheric concentrations of BC in the central Gulf are higher than we estimated

based on data from land or open ocean measurements (Table 4). Non-local or intermittent

pollution plumes may be important sources to this area, as well as the transit of ships across the

GoM. However, ocean-based measurements for this area are not readily available.

Using the estimated surface-ocean export fluxes from this study, we inferred that the GoM

captured about 80% of the BC carried offshore by aeolian transport from the Northeastern USA.

Extrapolating this view of BC cycling to a global scale suggests that annual BC deposition rates

(1 - 10 g/m2-yr) into coastal areas (3.15 x 106 km2; Sverdrup et al., 1946) between 16 - 275 Tg

BC/yr can account for most of the estimated annually produced BC (4 - 270 Tg BC/yr;

Hendricks et al., 2004; Kuhlbusch, 1995; Penner et al., 1993; Reddy and Boucher, 2004).
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4. Summary

These BC data allowed a much better understanding of the impacts of BC suspended in

coastal seawater. First, the BC concentrations imply these particles would substantially affect

the speciation of high molecular weight pollutants like PAH and PCDD in GoM seawater

(Lohmann et al., 2005; Accardi-Dey et al., 2002). BC-sorption of these toxic substances limits

their degradation as well as their toxic effects. Secondly, BC contributed, on average, 6% of the

POC carbon suspended in the GoM, implying that about half of the previously chemically

unidentifiable POC (Eglinton and Repeta, 2004) may simply be these combustion-derived

particles. The recognized presence of this recalcitrant BC carbon may well explain why some

POC is not recycled to CO 2 during its transport to depth and even within the sediment beds

below. Hwang and Druffel (2002) previously reported that an important fraction of the

unidentifiable POC in the Northeast Pacific could correspond to a lipid-like material found in the

marine environment. However, they also pointed out that additional old and terrestrial sources

were needed to explain the previously reported 13CNM spectra (Hedges et al., 2001) and stable

and radioisotope characteristics of the unidentifiable POC. Finally, the contributions of the fossil

fuel-derived BC to POC can explain the 14C-depleted nature of the reported uncharacterized

material previously reported in POC and sedimentary OC (Masiello and Druffel; 1998; Eglinton

and Repeta, 2004); in contrast to the hypothesis that century- and millennia-scale transport

processes are contributing weathered organic matter off the continents. This result suggests that

efforts to control BC in the atmosphere over the Northeast USA must be concerned with biomass

burning activities as well as fossil fuel uses.

Recognizing the importance of BC in environments beyond the atmosphere strongly suggests

that environmental scientists, engineers, and policy makers need to assess the presence and
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impacts of combustion processes in all environmental compartments (soils, lakes, oceans, coastal

sediments).
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Figure Captions

Figure 1. A. GoM bathymetry and station locations. B. BC concentrations (jtg/L) in the GoM.
Upper and lower values represent mixed layer (typically ca. 6 m) and sub-mixed layer (typically
ca. 60 m) samples, respectively (see Table 1). Black (left) and blue (right) data represent April
and August samples, respectively. C. Mass balance model of BC in the GoM (Gg = 109 g). Size
of BC reservoir and water column flux estimates were calculated using detailed bathymetric data
collected by Incze and Jakobbson (2008) from http://pubs.usgs.gov/ and our measured BC
concentrations and fluxes (Table S3); BC inputs and outputs from water currents and river flows
were calculated using water volumetric flows from Townsend (1996) and BC concentrations
estimated from this study (Table S4); BC atmospheric deposition was estimated using average
deposition rates of 1 and 0.3 g/m2-yr (see Table 4) for the coastal (28,000 km2; regions 5 and 6
on Table S3) and central GoM (122,000 km2; regions 2, 3, 7-10 on Table S3) areas, respectively;
and BC sedimentation was calculated using average BC sediment fluxes of 2 and 1 g/m 2-yr (see
Table 4) for the coastal (28,000 km2) and central GoM (122,000 km2) areas, respectively.

Figure 2. Sorption isotherm for the Jordan Basin surface sample. Filled diamonds represent the
experimental results. Open squares represent the linear focKoc sorption model. Best fit KBC and
Freundlich parameter, n, obtained from the linear regression of Log pys vs Log Cpyw, and Log Kd
vs Log Ciw were 5.95 ± 0.10 and 0 .66±0.04, respectively.

Figure. 3. Log PAH and BC concentrations vs distance from Boston. Comparison of (A)
observations by Windsor and Hites (1981) of logarithmic decrease of total PAHs concentrations
with distance with logarithmic decrease of shallow, and (B) BC concentrations collected during
2004 (data set include Charles River (59 ± 7 p.g/L; n=3) and Boston Harbor (51 ± 6 gtg/L; n=2)
collected from shore during May-June 2004, and MWRA and EPB collected on board of R/V
Oceanus during April 2004).

Figure 4. A14C and fraction modem (fm) of BC and OC in the GoM. Open squares represent
OC, and solid symbols represent BC. End members used for this calculations were A 4C= -1000
and fm= 0 for fossil fuel combustion, and ; A14C= +100 and fm> 1 for biomass combustion. April
2004 samples: Georges Bank shallow (GB); August 2004 samples: Inner Penobscot Bay shallow
(IPB), Massachusetts Water Resources Authority shallow (MWRA) and Wilkinson Basin
shallow (WBshallow) and deep (WBdeep).
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Table Captions

Table 1. Gulf of Maine sampling stations site characterization.

Table 2. Concentrations of BC in POC > 53 gtm (Nitex) and 53 glm > POC >0.7 gm
(GFF/Quartz filter).

Table 3. 23 4Th and 238U radionuclide activities in the GoM.

Table 4. Comparison of estimated BC fluxes (gBc/m 2 yr) at different distances from
shore and urban sites.
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Table 1. Gulf of Maine sampling stations site characterization.

APRIL 2004 AUGUST/SEPTEMBER 2004

Approx. Mixed Mixed
Sample name Lat. Long. Water layer Temp Salinity Chl a 02 POC layer Temp Salinity Chi a 02 POC

(depth) S W depth depth (°C) (PSU) (jig/L) (mg/L) (Ag/L) depth (0C) (PSU) (tg/L) (mg/L) (gig/L)
(m) (m) (m)

MWRA (6 m) 42.37 -70.81 33 10 5.7 30.7 3.0 10.2 322 15 13.7 31.5 0.6 8.5 144

MWRA (20 m) 42.37 -70.81 33 10 3.8 32.0 6.6 10.6 248 15 8 31.8 0.3 9.6 103

NMB (6 m) 42.52 -70.45 90 21 4.6 31.3 10.1 10.5 296 -

NMB (50 m) 42.52 -70.45 90 21 3.5 32.8 1.2 10.7 35.6 -

MER (6 m) 42.81 -70.73 35 10 5.6 31.4 7.8 10.3 288 15 15 31.4 0.6 8.3 129

MER (20 m) 42.81 -70.73 35 10 3.8 32.0 2.4 10.6 258 15 9.6 31.9 0.9 9.2 93.8

CB (6 m) 43.56 -70.05 180 24 5.2 30.8 6.3 10.4 324 10 12.4 31.7 1.0 8.7 145

CB (15 m) 43.56 -70.05 180 24 3.1 32.1 0.5 10.8 64.3 10 10.5 31.9 0.8 9.1 190

WB 1 (6 m) 42.99 -69.90 200 50 3.2 32.1 2.4 10.7 148 50 18.2 31.1 0.2 8 63.2

WB 1 (80 m) 42.99 -69.90 200 50 4 33.3 0.8 10.5 n.m. 50 4.7 32.7 0.1 10.3 16.7

WB 2 (8 m) 43.37 -69.89 170 50 4.1 31.8 4.7 10.6 280 -

WB 2 (30 m) 43.37 -69.89 170 50 2.9 32.7 1.4 10.8 71.1 -

EPB (6 m) 43.11 -69.18 50 63 3.8 32.2 1.2 10.6 88.5 50 16.2 31.9 0.3 8.5 55.6

EPB (35 m) 43.11 -69.18 50 63 3.5 32.2 0.8 10.7 81.5 -

EPB (80 m) 43.11 -69.18 50 - - - - - - 50 6.8 32.8 0.1 9.9 28.9

IPB (3 m) 44.42 -68.83 25 6 3.9 22.8 1.6 11.2 286 4 13.1 29.0 0.8 8.7 291

IPB (6 m) 44.42 -68.83 25 6 2.8 30.5 1.3 11 205 4 11.6 30.8 0.6 9 209

JB (8 m) 43.41 67.41 285 50 2.8 31.9 1 10.9 127 50 18.1 32.1 0.4 7.9 72.1

JB (60 m) 43.41 67.41 285 50 2.4 32.1 0.2 11 37.0 -

JB (80 m) 43.41 67.41 285 - - - - - - 50 5.1 32.8 0.1 10.2 19.9

GB (8 m) 41.75 -68.00 195 50 5.3 32.9 7.2 10.2 155 50 18.2 32.0 0.2 7.6 52.9

GB (60 m) 41.75 -68.00 195 50 4.5 33.2 2.7 10.4 45.2 50 5 32.6 0.1 10.3 51.8

GSC (8 m) 41.83 -69.67 198 50 5.1 32.7 n.m. 10.3 149 32 17.3 31.5 0.3 7.9 188

GSC (60 m) 41.83 -69.67 198 50 3.5 33.1 n.m. 10.6 n.m. 32 4.4 32.5 0.0 7.9 23.4

CCB 1 (6 m) 41.80 -70.05 20 13 6 31.8 1.2 10.1 240 - -

CCB 2 (6 m) 41.92 -70.17 27 13 5.2 32.2 5.4 10.3 169 15 17.4 31.3 0.3 8.0 114

CCB 2 (20 m) 41.92 -70.17 27 13 5.1 32.2 5.7 10.3 n.m. 15 7.4 32.0 0.2 9.9 114

'Massachusetts Water Reservoir Authority (MWRA); North Mass Bay (NMB); Merrimack River (MER); Casco Bay (CB); Wilkinson Basin I (WB 1);
East Plats Bay (EPB); Inner Penobscot Bay (IPB); Jordan Basin (JB); Georges Bank (GB); Great South Channel (GS); Cape Cod Bay I (CCB 1); Cape

Wilkinson Basin II (WB2);
Cod Bay 11 (CCB2); n.m. not

measured; the mixed layer depth for this study was selected as the depth up to which temperature, salinity and oxygen saturation remained relatively homogeneous.
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Table 2. Concentrations of BC in POC > 53 tm (Nitex) and 53 trm> POC >0.7 ýtm (GFF/Quartz filter).

APRIL 2004 AUGUST/SEPTEMBER 2004 SUM SUM

GFF NITEX QUARTZ NITEX April +/- August +/- Average +/-

Station (depth) C (pg/L)
MWRA (6 m) 4.0

C (IpgL) +/- C (Jg/L) +/- C (Pg/L) +/-
0.18 0.08 7.1 0.4 0.27 0.09

MWRA (20 m)
NMB (6 m)
NMB (50 m)

MER (6 m)

MER (20 m)
CB (6 m)

CB (15 m)
WB 1 (6 m)
WB 2 (80 m)
WB 2 (8 m)
WB 2 (30 m)

EPB (6 m)
EPB (35 m)

EPB (80 m)

IPB (3 m)

IPB (6 m)
JB (8 m)

JB (60 m)
JB (80 m)
GB (8 m)

GB (60 m)

GSC (8 m)
GSC (60 m)
CCB 1 (6 m)

CCB 2 (6 m)

CCB 2 (20 m)

Note 1: < x if signal

6.5
3.0

<0.3
3.9
16

3.5
3.6
3.3

<0.07
<0.05
<0.05

2.8
<0.6

0.30
2.2

<0.4

0.80

0.3 5.4
- 7.3

0.09 1.8
0.1 3.8

- 0.81

<0.4

0.26

0.1

0.2
1.1

0.5
0.04

<3.5

<0.24
<0.01

0.19
<1.6
0.03
<2.2

0.4 1.6 <0.2
15
2.8
2.1

6.1

8.4
4.5
0.1

5.6

<0.3
6.6

1.1

8.7

4.5
1.2

1.5

<1
0.07
<0.4

3.0 0.79
2.4 <1
1.8 0.41
1.7 <0.5

<0.01

0.9 <0.2
- <0.2

0.9 <0.2

0.08
<0.35

0.01 1.5 0.1 0.04

5.6
0.2 6.9

- 3.4

0.12 1.6
-

- 1.3

2.8
- 2.1
- 12

<0.6

- 2.2

0.54

0.1

0.1
0.1
0.0

0.1
0.1
0.2

0.2

0.1
0.16

<0.9

0.43
<0.01

0.06

<0.01

<2.0
<0.11
<0.44
<0.01

<0.01
0.3

3.0
<0.3

6.6
- 16

0.03 3.8
- 5.8

0.01 3.3

0.4 1.6
15 4.5

0.01 2.8 1.2
2.1 1.5

0.05 6.9 3.0
- 8.4 2.4

0.01 4.9 1.8
0.1 1.7

5.6

<0.5
6.6

0.06

0.9

0.9

3.2
2.5

0.8 0.3 3.6
3.0

<0.3

5.4 0.1 6.0

7.3 0.2 12
2.0 1.1 2.9
3.8 0.5 4.8
0.8 0.0 2.1

<2.6 - <2.6
0.4
15

1.5 0.1 2.2
2.1

5.6 0.1 5.6

7.3 0.1 7.1
3.4 0.1 5.9

1.6 0.0 3.2
0.1

1.3 0.1 1.3

2.8 0.1 4.2
2.1 0.2 2.1
11.6 0.2 9.1
<0.6 - <0.6

1.1

2.2 0.1 5.4
0.86 0.17

to noise raitio is less than 3:1
Note 2: Absolute uncertainty calculated using error propagation (including sampling and analytical error)
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2.4

7.1
1.7
1.6
1.5

1.6
4.5

1.2
1.5
0.1

3.0
2.4
1.8
1.7

0.1
0.9
0.2

0.9

3.2

2.5



Table 3. 234Th and 238U radionuclide activities in the GoM.

238U (dpm/L)
Maya Aug/Sept

2.11 ± 0.02
n.m.

1.92 ±0.02 2.09 ± 0.02
n.m.

2.09 ± 0.02

2.08 ± 0.02

n.m

2.04 ± 0.02 2.08 ± 0.02
1.97 ± 0.02

2.20 ± 0.02 2.13 ± 0.02

2.14 ± 0.02

2.13 ± 0.02
2.11 ± 0.02

Total 23
4Th (dpm/L)

Septa'b April May*a

0.83 ± 0.02
0.49 ± 0.02

2.20 ± 0.02" 0.37 ± 0.02 0.50 0.03
0.91 ± 0.03
1.47 ± 0.06

2.24h 1.93 ± 0.10

2.30 b  1.87 ± 0.10

2.24 ± 0.02" 0.66 ± 0.04 0.78 + 0.04
0.16 ± 0.01

n.m. 1.91 ± 0.11 1.81 0.05

Station

CCB 1
CCB2

MWRA
NMB
MER

WBI

WB2

OCB
IPB
EPB

JB

GB
GSC

Aug/Sept
1.04 ± 0.02

n.m.

1.39 ± 0.01
n.m.

0.79 ± 0.01

0.89 ± 0.01

n.m.

0.84 ± 0.01
0.03 ± 0.00
1.00 ± 0.01

1.99 ± 0.02

1.87 ± 0.02
1.17 ± 0.01

Sept

0.12 ± 0.02"

1.03 b

0.95
b

0.22 ± 0.04"

n.m.

1.14
b

0.72b

234 234 238
Nitex 234Th (mdpmC/L)

April
2.4 ± 0.1
3.7 ± 0.2

13 ± 1
33 ± 2
35 a 2
21 ± 1

200 ± 10

2.6 ± 0.1
7.4 ± 0.4

18 ± 1

46 ± 2

12 ± 1
42 ± 2

Aug/Sept
1.1 ± 0.1

n.m.

1.7 ± 0.1
n.m.

1.7 ± 0.1

0.71 ± 0.04

n.m.

1.3 a 0.1
1.0 a 0.1

0.89 ± 0.04

1.5 ± 0.1

3.5 ± 0.2
2.9 ± 0.1

Sept April
39
23

n.m. 18
43
71

6.4 h  90

25.2 b  89

n.m. 32
9

n.m. 90

1.3b  97

8 74
85

234Th/" U %

May" Aug/Sept
50

Sept

26 66 5"

38

43

38 40
1

82 47

93

"Gustafsson et al. (1997b); bCharette et al. (2001); n.m. not measured; 'mdpm = 10-3 dpm
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April
2.12 ± 0.02
2.14 ± 0.02

2.05 ± 0.02
2.09 ± 0.02
2.07 ± 0.02

2.14 ± 0.02

2.11 ± 0.02

2.07 ± 0.02
1.86 ± 0.02
2.14 a 0.02

2.12 ± 0.02

2.19 ± 0.02
2.17 ± 0.02

2.05 ± 0.12

1.62 ± 0.06
1.85 ± 0.08

2.30
b

2.29
b



Table 4. Comparison of estimated BC fluxes (gBc/m 2"yr) at different distances from shore and urban sites.

Near Urban Sites Non-urban/Near-shore sites Continental Shelf Regimes' Open Ocean'
Atmospheric deposition

Thompson Farm, NHa C 0.13 Arcadia National Park, MEb'I 0.21 Gulf of Maine a rn 0.001 Pacific open oceann 0.002-0.01

Halifax, NSa' d 0.41 Brockport, NY (rural)a ' f 0.28 Pacific coasta, n 0.04 - 0.08
Sable Island, NSa' e 0.09 Quabbin State Park, MAa '  0.19 Northern Sweden"' O 0.02

Kenmore, MA (urban)a, f 0.56 Southern Swedenb' 0 0.06
Queens, Nya, g  0.1 - 3.0 North Atlantic b' p  0.30
Greater Boston, MAa' 

h 0.02 - 1.7
Water column export (Gulf of Maine)

April Aug/Sept April Aug/Sept April Aug/Sept
MWRA, MA' 2.9 ± 1.3 20 ± 7 Inner Pennobscot Bay' 26 ± 6 36 ± 5 Great South Channel' <1.4 <11

Merrimack River Bay' 6.0 ± 0.5 <15 Georges Bank' <6.3 <8.7
Cape Cod Bay' 6.9 ± 0.9 <26 Jordan Basin' 1.2 ± 0.4 11 ±+_ 2

Casco Bay' 31 ± 9 21 ± 4 Wilkinson Basin' <2.4 16 ± 6
East Platts Bank' 0.7 ± 0.1 20 ± 5

Sediment fluxes
Fort Point Channel, MAj  23 Mouth of Providence River, RIj  14 Santa Barbara Basin, CAq  0.4 N. and S. Pacific Ocean'0.0001-0.001

Spectacle Island, ME' 4.7 Palos Verdes Shelf, CA' 7-10 Saanich Inlet, BCq  0.7
Portland Harbor, MEj  6.5 New England Harbors1  5-23 W. Med. Sean  1
MWRA, MAk 1.1 Gulf of Maine Gulf of Maine

Inner Penobscot Bay k  1.7 Wilkinson Basin' 1.2, 0.8k
Cape Cod Bay I 1.9, 0 .9k Jordan Basink 1.7
Cape Cod Bay IIj  1.0
Casco Bayk 0.9

a Under-cloud scavenging fluxes estimated from atmospheric concentrations according to Seinfield and Spiros (1998) and scavenging coefficients from Daggupaty et al (2006), and a dry

deposition rate of 0.1 cm/s was assumed; bMeasured atmospheric flux; Cairmap.nhu.edu; dChylek et al., (1999); eCooke et al. (2002); fPedersen (2002); gVenkatachari et al (2006); hGryparis

et al (2006); 'This study; jGustafsson et al. (1998); kFlores-Cervantes et al. (2008); 'Cachier et al. (1990); mLiousse et al. (1996); nSuman et al. (1997); OOgren et al. (1984); PVan Dingenenen

et al. (1995); qGriffin and Goldberg (1975); rSmith et al. (1973); s Atmospheric deposition in remote areas may be uderestimated by a factor of four (Liousse et al., 1993).
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5/2
<0.1/ 1

4/ 2
6/4 * 0.4

15 * 3/1
2/6

C 1 GgBc/yr 100 GgBc/yr

Rivers Atmosphere

Scotian Shelf 30 Gg BC (>zmix) Maine Surface

Water I t - 36d Water

2 GgBc/yr PBC export 300 GgBC/yr 20 GgJc/yr
-," ............ I• Maine Intermediate

Slope Water V Water

3 gGac/yr 20 Gg BC(<z mix) 30 GgBc/yr
t ~ 24 d

Sediments

200 GgBc/yr

Figure 1. A. GoM bathymetry and station locations. B. BC concentrations (gg/L) in the GoM.
Upper and lower values represent mixed layer (typically ca. 6 m) and sub-mixed layer (typically
ca. 60 m) samples, respectively (see Table 1). Black (left) and blue (right) data represent April
and August samples, respectively. C. Mass balance model of BC in the GoM (Gg = 109 g). Size
of BC reservoir and water column flux estimates were calculated using detailed bathymetric data
collected by Incze and Jakobbson (2008) from http://pubs.usgs.gov/ and our measured BC
concentrations and fluxes (Table S3); BC inputs and outputs from water currents and river flows
were calculated using water volumetric flows from Townsend (1996) and BC concentrations
estimated from this study (Table S4); BC atmospheric deposition was estimated using average
deposition rates of 1 and 0.3 g/m 2.yr (see Table 4) for the coastal (28,000 km2; regions 5 and 6
on Table S3) and central GoM (122,000 km2 ; regions 2, 3, 7-10 on Table S3) areas, respectively;
and BC sedimentation was calculated using average BC sediment fluxes of 2 and 1 g/m .yr (see
Table 4) for the coastal (28,000 km2) and central GoM (122,000 km2) areas, respectively.
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3.5

S3

2.5

2-

1.5

//

-0.8 -0.3 0.3 0.8

Log Cpy (ug/L)

Figure 2. Sorption isotherm for the Jordan Basin surface sample. Filled diamonds represent
experimental results. Dashed line represents the linear foK, sorption model. Best fit KBc and
Freundlich parameter, n, obtained from the linear regression of Log pys vs Log Cpyw, and Log Kd
vs Log Ciw, were 5.95 ± 0.10 and 0 .66±0.04, respectively (Flores-Cervantes et al., manuscript in
preparation, 2008).
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y = -0.031±0.001x + 5.12±10
R2 = 0.99

1.5

o 1m

0.5

0
50 100 0 20 40 60 920 40 Rn

Distance from Boston (km) Distance from Boston (km) Distance from shore (km)

Figure. 3. Log PAH and BC concentrations vs distance from Boston. Comparison of (A)
observations by Windsor and Hites (1981) of logarithmic decrease of total PAHs concentrations
with distance with logarithmic decrease of shallow, and (B) BC concentrations collected during
2004 (data set include Charles River (59 ± 7 gpg/L; n=3) and Boston Harbor (51 ± 6 pg/L; n=2)
collected from shore during May-June 2004, and MWRA and EPB collected on board of R/V
Oceanus during April 2004).
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Fossil fuel A14C

-1000 -800 -600 -400 -200

0.2 0.4 0.6 0.8

Modern biomass

0 +100

MWRA

IPB

WBshallow

WBdeep

GB

1.0 1.1

Figure 4. A14C and fraction modern (fm) of BC and OC in the GoM. Open squares represent
OC, and solid symbols represent BC. End members used for these calculations were A14C= -

1000 for fossil fuel combustion, and Al4C= 100 for biomass combustion. April 2004 samples:
Georges Bank shallow (GB); August 2004 samples: Inner Penobscot Bay shallow (IPB),
Massachusetts Water Resources Authority shallow (MWRA) and Wilkinson Basin shallow
(WBshallow) and deep (WBdeep)-
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Table Captions

Table S1. Summary of New England BC (GgBc) emissions estimated from energy use
(http://www.eia.doe.gov/) and technology-based BC emission factors (Bond et al., 2004).

Table S2. Detailed energy consumption estimates (2004, trillion Btu) and BC (GgBc)
emission estimates for New England by sector.

Table S3. Estimation of BC mass in regions of the GoM using detailed (every 10 m)
bathymetric data collected by Incze and Jakobbson (2008) from http://pubs.usgs.gov/.

Table S4. BC inputs and outputs from water currents and river flows in the GoM.

Table S5. Stable and radiocarbon isotope signatures of seawater samples in the GoM.

Table S6. Possible sources of stable and radiocarbon isotopes in natural environments.
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Table Sl. Summary of New England BC (GgBc) emissions estimated from energy use
(http://www.eia.doe.gov/) and technology-based BC emission factors (Bond et al., 2004).

Sector Coal Natural Gas Petroleum Biomassd Ethanol Total

Residential 0.000 0.003 6.80 1.86 0.000 8.674
Commercial 0.005 0.002 0.08 0.230 0.000 0.318
Industrial 0.025 0.001 0.10 1.98 0.000 2.105
Transportation 0.000 0.000 4.15 0.00 0.022 4.173
Power generation 0.109 0.006 0.073 0.397 0.000 0.585

Total 0.139 0.012 11.22 5.14 0.022 15.855
d Wood and biomass waste. BC from forest fires of 0.67 GgBc were added to the total; Gg = 109 g
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Table S2.
sector.

Detailed energy consumption estimates (2004, trillion Btu) and BC (GgBc) emission estimates for New England by

Residential Sector Energy Consumption Estimates (2004, trillion Btu) and BC (GgBc) Emission Estimates

Natural Petroleum Retail Net

Gas a Distillate Electricity Energy Electrical System
Geo-

State Coal Fuel Kerosene LPG Total Wood thermal Solar/ PV b Sales Energy Losses c Total
New

England 0.1 193.5 338.8 19.1 30.3 388 28.5 0 0.8 159.4 770.5 354.6 1125.3

Gg BC 0.000 0.003 6.692 0.051 0.065 6.808 1.863 0.000 0.000 0.000 0.000 0.000 8.674

Commercial Sector Energy Consumption Estimates (2004, trillion Btu) and BC (GgBC) Emission Estimates
Electrical

Natural Petroleum Hydro- Retail Net System

Gas a Distillate Motor Residual electric Geo- Electricity Energy Energy

State Coal Fuel Kerosene LPG b Gasoline Fuel Total Power C Biomass d  thermal Sales Losses e Total '
New
England 1 124 87.8 3.4 5.4 2.4 30.2 129 0 9.5 0.3 183.2 447.2 407.6 854.9

Gg BC 0.005 0.002 0.054 0.002 0.005 0.002 0.017 0.080 0.000 0.230 0.000 0.000 0.000 0.000 0.318

Industrial Sector Energy Consumption Estimates (2004, trillion Btu) and BC (GgBc) Emission Estimates
Electri-

Petroleum cal

Nat. Asphalt r' " 0 Retail Net System
M. Resi- ' Electri- Energy

Gas a  and Distillate s Motor dual city " Energy

Kero- i" 0 Bio- Losses
Region Coal Road Oil Fuel sene LPG Gaso-line Fuel Other b Total massd Sales f Total a

New
England 4.5 85.1 36.1 35.7 2.1 5.5 3.9 13.5 36.5 18.5 152.2 5.9 81.5 0 82.8 412.1 184.3 596.2

0.02
Gg BC 5 0.001 0.022 0.022 0.001 0.005 0.00 0.013 0.031 0.011 0.105 0.00 1.975 0 0.000 0.000 0.000 2.105

Transportation Sector Energy Consumption Estimates (2004, trillion Btu) and BC (Gg c) Emission Estimates

Petroleum Retail

Natural Aviation Distillate Jet Motor Residual Electricity Net Electrical System

State Coal Gas " Gasoline Fuel Fuel LPG Lubricants Gasoline Fuel Total Ethanol b Sales Energy Energy Losses C Total
New
England 0 6.7 1.5 169.8 79.2 0.2 5.5 822.9 0.3 1093.7 14.4 2 1102.5 4.5 1107.1

Gg BC 0.000 0.000 0.000 3.354 0.000 0.000 0.000 0.796 0.000 4.151 0.022 0.000 0.000 0.000 4.173
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Table S2 (continuation). Energy consumption estimates (2004, trillion Btu) and BC (GgBc) emission estimates for New
England.

Electric Power Sector Energy Consumption Estimates (2004, trillion Btu) and BC (GgBc) Emission Estimates

Natural Petroleum Nuclear Electricity
Hydro-

Gas Residual Distillate Petroleum Electric electric Net
Geo-

State Coal Fuel b Fuel Coke Total Power Power d Biomass thermal Solar /PV ' Wind Imports g Total
New
England 194.3 365.2 110.6 6.4 0 116.9 380.7 68.2 117.2 0 0 0.1 27 1269.9

Gg BC 0.109 0.006 0.070 0.004 0.000 0.073 0.000 0.000 0.397 0.000 0.000 0.000 0.000 0.585
Note: BC emission estimates are different for the same fuel in each different sector due to

differences in the Technology used. See Bond et al. (2004) for a detailed description of the BC

emission factors.

aEnd-use sector data include electricity sales and associated electrical system energy losses.
bU.S. total energy and U.S. industrial sector include 137.8 trillion Btu of net imports of coal coke not

allocated to the States.

'Includes supplemental gaseous fuels.

dConventional hydroelectric power. Does not include pumped-storage hydroelectricity.

eWood and waste.

"'Other" is geothermal, wind, photovoltaic, solar thermal energy, and net imports of electricity.

'Net interstate flow of electricity is the difference between the amount of energy in the electricity sold within

a State (including associated losses) and the energy input at the electric utilities within the State. A positive

number indicates that more electricity (including associated losses) came into the State than went out of the

State during the year; conversely, a negative number indicates that more electricity (including associated

(s) = Value less than 0.05 trillion Btu.

Sources: Energy consumption estimates from U.S. Department of Energy (DOE) http://tonto.eia.doe.gov/;

BC emission factors to calculate BC emissions from Bond et al. (2004)
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Table S3. Estimation of BC mass in regions of the GoM using detailed (every 10 m) bathymetric data collected by Incze and
Jakobbson, (2008) from http://pubs.usgs.gov/.

Surface Total Vol Surface Deep Vol Surface deep Total BC Surface Deep BC Export' Export2  Total
Region Name Area zm[BC] [BC] Export

(km2  (km 3)  Vol (km3)  (km3) (g/L) ([g/L) (Gg) BC (Gg) (Gg) area (km2 ) (g/m2 yr) (Gg/yr)
(ki2) (ýtg/L) (ýtg/L)

2 Browns Bank 1,780 160 50 106 54 3.64 0.63 0.4 0.4 0.0 1,743 0.1 0.17
3 Eastern Coastal Shelf 13,794 1,165 50 712 453 1.1 0.14 0.8 0.8 0.1 10,628 0.7 7.0
5 Northern Coastal Shelf 19,311 1,435 20 517 918 3.79 5.66 7.2 2 5.2 16,541 9.8 160
6 Southern Costal Shelf 8,239 466 20 221 246 6.45 1.68 1.8 1.4 0.4 7,133 12 82
7 Great South Channel 5,202 511 40 260 251 6.68 0.57 1.9 1.7 0.1 5,200 0.2 0.78
8 Georges Bank 38,471 2,846 40 2,109 737 4.24 2.09 10 9 1.5 30,017 0.2 6.8
9 Georges Basin 4,104 1,224 50 246 978 4.24 2.09 3.2 1.1 2.1 4,104 0.3 1.2
10 Jordan Basin 6,696 1,494 50 402 1,092 3.64 0.06 1.5 1.5 0.1 6,696 6.1 41
11 Wilkinson Basin 7,076 1,623 60 495 1,128 1.22 0.4 1 0.6 0.4 7,076 0.1 1.0
12 Central Gulf of Maine 44,799 8,127 40 2,236 5,891 3.22 2.05 21 9 12 44660 0.9 42

Total 149,100 18,940 9,500 15,000 49 27 22 342
See Appendix IV for description of region and detailed bathymetric data.
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Table S4. BC inputs and outputs from water currents and river flows in the GoM.

Water Currents Annual Total jig BC/L GgBC/yr
Scotian Shelf Water 6.3x1012m 3/yr 0.3 1.8
Slope Water 8.7x1012m3/yr 0.3 2.5
Maine Surface Water 5.0x1012m 3/yr 3.7 19

Maine Intermediate Water lO10x10 2m3/yr 3.7 37

Rivers

Province/State Annual Total pg BC/L GgBC/yr

Nova Scotiaa 0.lxl10 0m 3/yr 10 0.01

New Brunswicka 3.4x1010m3/yr 15 0.52

Maineb 3.3x1010m3/yr 7 0.23

New Hampshireb 0.5x10 10m3/yr 4 0.02

Massachusettsa' b 0.7x10 10m3/yr 60 0.45

Total rivers 8.0x10 1om 3/yr 1.22
aBC concentrations estimated from measured concentrations; bConcentrations estimated
from measured concentrations and two end member salinity mass balance

Table S5. Stable and radiocarbon isotope signatures of seawater samples in the GoM.

Sample OC BC
813C  A14C 13C  A14

C

Aug/Sep IPB-3 -21.73 18 -21.59 -91
Aug/Sep MWRA-20 -27.70 -147 -45.44 -842
Aug/Sep WB-1 0 -22.27 34 -24.49 -60
Aug/Sep WB-80 -28.81 -205 -48.22 -889
April GB-8 -26.00 -132 -25.00 -175

Table S6. Possible sources of stable and radiocarbon isotopes in natural environments.

Graphitic BC
Marine plankton
C4 grasses
C3 terrestrial
Fossil fuel
Biomass burning
Pure marine
BC samples
Oceanic DOC
Pine wood
Oak wood
SRM 1650
Natural qas

Possible sources
d13C

-19.4 to -21.3a
-18 to -23a
-12 to -16a

-23.5 to -27.7a

-19 to -21b
-23.9 and 18 .6b

-20 to -2 2 b

-19.5c
-25c
-27c

-27 to -44

A14C
-895 to -989a

0 to -100a

-9 to -240a
-1000

b

>-50b
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al. (2000).
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Abstract

Black carbon (BC), the soot and char formed during incomplete combustion of fossil and

biomass fuels, is ubiquitous and been implicated in diverse environmental processes and human

health. However, uncertainty persists regarding how accurately the present BC-measurement

methods quantify such roles. Focusing on the influence of BC on pollutant fates, we developed a

new, low-sample-manipulation methodology that effectively differentiates BC from other non-

BC organic carbon (OC) due to its sorbent properties. We measured BC concentrations in

seawater particulate organic matter (POM), collected in a coastal area downwind of important

BC sources, by observing the decrease in fluorescence from pyrene spiked into samples, referred

to as the pyrene fluorescence loss (PFL) method. Sorption isotherms obtained with this PFL

approach were non-linear. Average BC concentrations of 4 gg BC/L were able to explain such

observations. Correspondence between measured concentrations using the PFL method and an

extensively evaluated thermal oxidation approach (CTO-375) validated the usage of this

technique to measure BC. Such BC levels indicate that pollutants such as polycyclic aromatic

hydrocarbons (PAHs) and polychlorinated dibenzodioxins (PCDDs) would be mainly sorbed to

BC-containing solid particles, and therefore less bioavailable.

160



Introduction

Research on black carbon (BC), a term given to a range of thermally altered carbonaceous

materials produced by the incomplete combustion of fossil fuels and biomass, is diversifying as

new observations suggest that BC has potential implications to human health (1,2), climate

change (3,4), global carbon cycling (5), and pollutant fates (6). This diversification has resulted

in a wide variety of analytical methodologies, terminologies, and conceptual approaches, with

various scientific communities interested in different characteristics. For example, most

atmospheric scientists are interested in the "blackness" of aerosols and the resultant effect on the

radiative heat balance (3, 7), while oceanographers and geologists are interested in the refractory

properties of BC in soils and sediments influencing its role in carbon cycling.

Concurrently, environmental engineers are investigating the impact of BC on contaminant

mobility and bioavailability. Studies since the late 1970s and early 1980s have suggested that

sorption into organic matter is a key process controlling the fate and effects of hydrophobic

organic pollutants in the environment (8, 9), and this process could be described using a linear

sorption model:

Kd= fTOCKToc (1)

where Kd is the solid-water distribution coefficient (ULkgsolid), and is characterized by the product

of the total organic carbon (TOC) fraction (fToc, kgToc/kgsediment) and the TOC-normalized

distribution coefficient (KToc, L/kgoc). However, in many previous observations polycyclic

aromatic hydrocarbons (PAHs) sorbed more strongly to sediments than predicted using this

model (10-12). Recent studies (e.g. 13,14) refined this view by modeling sorption of PAHs and

polychlorinated dibenzodioxins (PCDDs), especially at low concentrations, using (1) an
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absorption term that is the product of the TOC fraction minus its BC contents (foc,

kgoc/kgsediment, where OC=TOC - BC) and the OC-normalized distribution coefficient (Koc,

L/kgoc); and (2) an adsorption term that is the product of the BC fraction (fBc, kgBc/kgsediment),

the BC-normalized distribution coefficient (KBC, (ýpg/kgBC/(Qng/L)n), and a function of Cw, the

truly dissolved concentration (gg/L) to the (n-1) power, where n is the Freundlich exponent that

describes the adsorption site distribution:

Kd= focKoc + fBCKBCCwn -  (2)

Unfortunately, none of the existing methodologies to measure BC specifically quantify this

carbonaceous material with respect to its sorbent character.

The main objective of this work was to test a new method for measuring BC in

environmental samples suited to accurately quantifying this phase as a sorbent. To this end, we

sought to quantify pyrene fluorescence losses (PFL) in pyrene-spiked samples to which materials

potentially containing BC sorbents were added. We made the assumption that pyrene would sorb

in a manner as previously described by Accardi-Dey and Gschwend ((14), Eq. 2 with Koc = 104.7

and KBC = 106.25), and together with measures of the TOC (OC + BC), used this model to infer

BC content in seawater, sediment, and a group of reference materials previously used in BC

literature (15). The values we determined using this simple, inexpensive, and low-sample-

manipulation method demonstrated the importance of considering a BC sorbent phase for

estimating the fates of contaminants like PAHs and PCDDs.

Methods
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Seawater sample collection. Different size fractions of particulate organic matter (POM) were

collected during two cruises to the Gulf of Maine (GoM) (Figure 1) in April 2004 (R/V Oceanus)

and in August/September 2004 (R/V Cape Hatteras). At each station, between 100 and 800 L of

seawater were pumped on-board using positive-displacement gear pumps (Fultz Pump Inc.,

Lewis Town, NJ) from shallow (<20 m to be in the surface layer) and deeper depths (>20 m to be

below the surface layer). The absolute depths at each location were guided by measurements of

salinity, temperature, and fluorescence. The pumps were connected to a 142-mm diameter filter

holder with a 53-gm mesh pre-cleaned Nitex screen (TETKO, Depew, NY), followed by a 293-

mm stainless steel filter holder with a 0.7-gm pre-combusted GFF or quartz filter (Pall Gellman

Sciences, Ann Arbor, MI). To remove inorganic carbon after collection and while still in the

filter holder, all the samples were acidified with 100 mL of 10 mM H2SO 3 for 5 min followed by

a 100 mL rinse of low-carbon water (Aries Vaporics, Rockland, MA). Sample blanks were

collected throughout the sampling procedure and consisted of "wetting" the filtration devices by

pumping only 1 L of seawater from the sampling station. All collected samples were kept frozen

in pre-combusted aluminum envelopes until analysis. The POM fraction analyzed in this BC

study was the one collected on the GFF/quartz filter; i.e., 0.7 Im < POM < 53 glm.

South Dorchester Bay (SDB) sediment sample collection. Grab samples of surface sediments

(about 12 cm deep) were previously collected by A. M. Accardi-Dey and J. K. MacFarlane

(Gschwend lab, MIT) from a littoral site in Boston Harbor, at south Dorchester Bay (SDB) near

Quincy, MA (42' 18.0' N 710 1.8' W) in December 1999. The samples were kept in zip-lock

bags and stored at 4 oC in dark. BC concentrations in this sample have been previously

measured (14) using the chemothermal oxidation method (CTO 375; (6)).
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Reference materials. Twelve reference materials, previously utilized in an international BC-

method intercomparison study (15), were also examined with our new method. This suite of

samples provides materials with varying amounts of BC and characteristics including: (1) four

laboratory produced BC-rich and non-BC materials (hexane soot, wood char, grass char, and

melanoidin), and (2) eight environmental matrices (Suwannee River dissolved organic matter

(DOM), shale, lignite coal, bituminous coal, urban dust, German soil, Australian soil, and marine

sediments).

TOC quantification. Single samples of the POM collected from seawater (0.7 pm < POM < 53

[tm) and triplicate subsamples of the sediment and reference materials were weighed dry,

acidified with 0.6 % by volume sulfurous acid (H2 SO 3), and dried overnight at 60 OC. TOCs of

the dry samples were measured using a commercial CHN analyzer (Vario EL, Elementar

Americas, Inc., NJ) at a combustion temperature of 950 'C. Daily response factors were

determined using acetanilide standards (Elemental Microanalysis, Manchester, MA), and the

detection limit of the analyzer was 0.6 ýpg of C. Response factors for all elements remained

stable throughout the experiment (± 0.5 % for nitrogen, + 0.07 % for carbon, and ± 0.6 % for

hydrogen). Instrument blanks (no sample introduced in CHN analyzer) were run after every

sample to verify that the previous sample combustion was complete, and at least two sample

preparation blanks were included every three samples. Blanks were subtracted from raw sample

data.

BC quantification using pyrene fluorescence losses. BC content was inferred by observing the

decrease in fluorescence from a pyrene solution. Known masses of dry samples (between 12 and

16 mg of the dried GFF or quartz filters or about 5 mg of the SDB sediment and reference

materials) were introduced into 25-mL, precombusted, volumetric flasks containing an aqueous
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solution of pyrene at about 1 glg/L, and a sodium azide (NaN 3) concentration of 10 mM made up

in low carbon water (Aries Vaporic System, Rockland, MA). Procedural blanks consisted of

processing our sample blanks (1 L of seawater) collected during our sampling campaigns in the

same manner as our samples. Each batch of observations included a pyrene-spiked control flask

without a sample (or filter) and a control flask with only water, NaN 3, and the sample (no pyrene

spike). All flasks were closed with glass stoppers, completely covered with aluminum foil, and

placed in a wrist-action shaker to encourage sorptive equilibration. A preliminary kinetics

experiment using a piece of the filter from our Jordan Basin surface sample showed that

dissolved pyrene concentrations in the flasks continued to change up to 15 d. However, no

changes were detectable after 22 d. In order to ensure equilibrium, we ran our experiments for

30 d. To test for method precision, we examined triplicates and estimated BC concentrations at

three or more concentrations for some of our POM samples collected in April 2004.

The choice of pyrene as the chemical probe for our analysis was based on observations by

Rudnick and collaborators (16, 17), previous work in our research group (14, 18. 19), and our

own experience in the lab. Rudnick (16) examined four of the most soluble PAHs on the priority

pollutant list, expecting these PAHs to be the ones found in the greatest amounts in seawater

environments: pyrene, fluoranthene, anthracene, and phenanthrene. However, he found out that

the spectral signature of fluoranthene could not be distinguished from that of terrestrial humic

substances; anthracene presented a lower relative fluorescence than the absorbencies would

indicate; and phenanthrene had a very low molar absorbancy and was not reliably detected at

reasonable environmental levels. Previous studies in our research group have used pyrene as a

probe for aqueous sorption studies due to its relatively high solubility in water, its high solid-to-

water partitioning constant, and especially due to its uniquely long fluorescence lifetime (14, 18,
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19). Finally, our own experimentation with another aromatic compound, p-terphenyl, showed

that its fluorescence peaks were less sharp and, especially at lower concentrations, more difficult

to differentiate from background signals.

To measure dissolved pyrene concentrations, a Perkin-Elmer KS50B Luminescence

Spectrofluorometer (Buckinghamshire, England) was used. Aliquots of the solutions were

transferred to a Sterna quartz cell (1 cm path length, Atascadero, CA) for fluorescence analysis

using a synchronous scan with a AEnergy of -3000 cm'- , excitation and emission slits of 5.0 nm,

and a scan speed of 100 nm/min. These parameters, although different from the ones used by

Accardi-Dey and Gschwend (14), provided the sharpest peak at the lowest concentrations used in

this study. At the beginning of every sample run, the spectrofluorometer lamp was allowed to

warm up for about 30 min and a set of calibration standards between 0.5 and 3.0 tgpyr/L, as well

as water without pyrene, was used to check for any shifts in the calibration curve created at the

beginning of the experiment. After sample analysis, aliquots were returned to their original

flasks. Background fluorescence signals were subtracted from the pyrene signals for each

sample. With these parameters the detection limit was 0.20 ýtg pyrene/L (signal-to-noise ratio

2:1).

Ambient pyrene concentrations are usually well below ýtg/L levels. For example,

Rudnick et al. (17) observed dissolved pyrene concentrations at 100 ng/L or less in Boston

Harbor seawater. Thus, to increase our signal-to-noise ratio, decrease the instrumental error

(<4%), and decrease the influence of the Freundlich exponent on the truly dissolved water

function (Cwn- ), we spiked our samples with concentrations in the vicinity of 1 gtg pyrene/L (i.e.,

Sn--I1, independent of the value of n).
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To test the accuracy of our observations below 0.5 gg/L, we compared our measured

concentrations with those found on the same samples using time-gated laser induced

fluorescence spectroscopy (TGLIF, 16-18). TGLIF triggers a time-gated mechanism that allows

the system to filter out short-lived fluorescence signals from fluorophores other than pyrene, by

imposing a time delay for the detection of the emitted photons (18 and references therein). The

concentrations using both instruments were highly consistent (TGLIF = (0.90 ± 0.07) Specfluo +

(0.01 ± 0.02); r2=0.97; n = 15) and indicated that other chromophores (if present) were usually

not substantially affecting our fluorescence signal. Some exemptions required us to make inner

filter effect corrections, and these are discussed below.

The fraction of the dissolved pyrene remaining in the water (fw = Cwf/Cwi; where Cwi was

the initial pyrene concentration at day zero and Cwf is the final pyrene concentration at day thirty)

together with the solid-to-water ratio (rsw = weight of filter with sample/volume of solution in

flask (kgflter/L)), allowed us to estimate the distribution coefficient, Kd (eq.3), in each incubation.

Kd - (3)

Sorption isotherms. Sorption isotherms were developed for the seawater POM samples and the

SDB sediment. For the seawater POM samples from five of the stations sampled during April

2004, GFF/quartz filters (about 12 mg) were added to solutions with a range of initial pyrene

concentrations (0.2-2.5 lg/L). Similarly, for SDB sediments, known masses (about 7 mg) were

added to the same range of initial pyrene concentrations (0.2-2.5 pg/L). After 30 d, dissolved

pyrene concentrations were measured in aliquots of the solutions, and sorbed concentrations were

estimated by subtracting the final dissolved concentration from the initial dissolved

concentrations.
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South Dorchester Bay (SDB) sediment BC quantification using the chemo-thermal

oxidation (at 375 °C) method (CTO 375). Following a similar procedure to the one described

by Gustafsson et al. (6), triplicate subsamples of dry and ground SDB sediment were placed into

pre-tared, crucible-shaped, Ag capsules (D2029 8 x 5 mm; Elemental Microanalysis Limited,

EMAL Tech, Ohio). The samples were then combusted in a F47915 Thermolyne muffle furnace

(Barnstead Thermolyne International, Dubuque, IA) at 375 'C for 24 h under excess air. After

cooling, 25 .L of low carbon (Aries Vaporics, Rockland, Massachusetts) water were added to

each capsule, followed by 25 pL of H2SO 3 6 % by vol. (Fisher Chemicals). The samples were

allowed to sit at room temperature for 1 h and then they were dried in an oven at 60 oC. This

procedure was repeated until no effervescence was observed after acid addition. Finally, the

samples were dried overnight at 60 oC (- 15 h). The remaining reduced carbon contents in the

oxidized and acidified samples were determined using a commercial CHN analyzer (Vario EL,

Elementar America, Inc., NJ) as described previously.

Results and Discussion

Inferred Kd values for pyrene sorption to GoM seawater POM. Observed Kd values

of our seawater POM samples almost always exceeded focKoc estimates (Figure 2), suggesting

that absorption to TOC on the filters was not the only sorption mechanism. Please note that here

and for the rest of this paper we refer to OC as the difference, TOC - BC. Dissolved

concentration decreases for pyrene in the flasks containing the seawater POM samples were

between 10 and 40%, while the losses of pyrene in the control flasks were always less than 5% in

the first 30 d. Differences in concentrations measured after 6 mo for two of the April cruise
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samples (MWRA and GSC), as well as for two control flasks, remained below 10%. Losses

from procedural blanks were always less than 7% with the exception of one of the GoM stations

in April (at the Massachusetts Water Reservoir Authority, MWRA, outfall site, Figure 1) where

the procedural blank loss was 12%. The relative standard deviation for the measured TOC

values of nine subsamples from a single filter of our POM seawater samples (April-JB-shallow)

from the center to the rim was 8.8%, with the piece closest to the rim accounting for 23 % of this

standard deviation (Figure Si). Most of the pieces taken for our experiments were taken from

the center of the filter, where our own observation and pictures from our samples (Figure S2 (a))

revealed that the filters appeared to be homogenously covered. However, it is important to

mention that in five our samples (April-shallow-MER April-shallow-CB, April-deep-IPB,

August-shallow-CB, and August-shallow-IPB), our filters had lighter patches at the middle of the

filter (Figure S2 (b)), and, therefore, the BC concentrations at these stations may be mis-

estimated by filter subsampling.

GoM sorption isotherms. All pyrene sorption isotherms showed a non-linear behavior,

indicating the presence of an adsorptive material with decreasing sorption strength at higher

sorbate concentrations (Figure 3). Freundlich exponents, n, obtained from the linear regressions

of log Kd against log Ciw (Figure S3) were 0.72 + 0.14. Since the Kd values exceed the product,

focKoc, by so much in many of these cases (i.e., Cs = focKocCw + fBcKBCCw n - fBCKBCCwn), this

best-fit Freundlich parameter may be close to, although a little larger than, the value reflecting

just the adsorptive phase. KBcs (more than an order of magnitude larger than Koc) obtained from

the linear regression of Ci, against Ciw (at Ciw = 1 ýpg/L) further corroborated this high-sorptive

non-linear scenario (Figure 3). Moreover, these n and KBC values were similar to those reported

previously (13,14,19). Variability, within our samples and between this and previous studies,
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may be due to experimental error, and/or differences between the isolated materials due to their

formation process (e.g., soot vs char) or surface transformations during transport.

Testing of the Pyrene-Fluorescence-Loss (PFL) Method for Quantifying fBc. As a first test

of the method, we utilized SDB sediment, which has previously been examined for its ability to

sorb pyrene and its TOC and BC contents (14). Estimating fac from the isotherm data required

an iterative process. As a first approximation, foc (foci) of a sample was assumed to be equal to

the measured TOC concentrations and introduced in eq. 2. Using values of Koc (104.7, (20)), KBC

(106.25, (14)), and Kd at Cpy,, = 1 pg/L (Kdlgg/L; from the intercepts in Figure 3, i.e., Kd =

10intercept/Cp,), we were then able to obtain a first estimate of fac (fBCl):

[Kdlg/ L OC- (f1)04)](4)
fB1 =  106.25

For the second iteration, foc2 was calculated from focl-fBCl. The process was repeated until fBc

did not change, usually within three iterations. Using this approach on the SDB sediment, we

found fBC = 0.0016 ± 0.0005 and foc = 0.0104 ± 0.0014. If we had assumed KBC was 106.4 (19),

we would have estimated fBc = 0.0011, while if we had taken Koc to be 104.8, we would have

calculated fBc to be 0.0015. All of these outcomes are reasonably close to our CTO 375-

measured foc and fBc values (0.012 ± 0.001 and 0.0007 ± 0.0001, respectively), and those

reported previously by Accardi-Dey and Gschwend (14) for this site (foc = 0.0146 ± 0.0013 and

fBc = 0.0026 ± 0.0007). Differences in the measured BC could be due to heterogeneity of the

sample (roots and darker patches were visible in the grab sample) or methodology variations (we

used smaller sample sizes to avoid charring).
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As a second test of this pyrene-fluorescence-loss method, we used a standards addition

approach. Increasing amounts of SDB sediment were added to different flasks, each containing

the same initial pyrene concentrations of about 1 ýig/L and shallow seawater POM collected on a

piece of GFF filter (at the Jordan Basin (JB)). For each SDB addition to the test flask containing

our GoM filter sample, we observed an increasing loss of pyrene fluorescence after the 1-month

incubation. The results (Figure 4) showed that the PFL method tracked the added BC increments

(slope = 1.09 ± 0.16 pgBc/mg sediment added) and that interfering matrix effects were minimal

for all but the greatest addition. The increased interfering matrix effects at larger concentration

may indicate the presence of a non-particulate-OC material (e.g., dissolved organic carbon)

present in high enough amounts to quench pyrene fluorescence (21, 22). Moreover, without

considering the last increment (where matrix effects might have interfered with the signal), the

intercept (1.66 ± 0.76) indicates an fBc of 0.00018 ± 0.00006 (average filter mass = 10.4 ± 1.4

mg), or a particulate BC concentration in seawater of 4.1 ± 2.0 gpgBc/L for this Jordan Basin

station. This result is very close to the CTO 375 values (4.5± 1.8 gtgBc/L) previously reported by

Flores-Cervantes et al (23). The standards addition approach also showed that for SDB sediment

differences between the expected BC content measured with CTO 375 and the inferred BC

content from pyrene fluorescence losses at low concentrations were minimal.

Application of the PFL method to GoM POM samples. Utilizing the PFL method on our

POM seawater samples collected from the GoM, we found that BC concentrations for the 0.7 gm

< POM < 53 gpm fractions in April and August ranged from <0.01 to 17 jLg/L (Table 1). These

estimated BC concentrations indicate that between 0.5 and 8.9 % of the POM organic carbon was

BC, and that the percentage of BC in POM increases with depth. All but one of the deep samples

collected in August 2004 had higher percentages than the shallow samples (Table 1). This
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observation is consistent with the expectation that BC is more recalcitrant than non-BC TOC,

and therefore, the percentage of BC-to-TOC should increase as organic carbon is remineralized

while it travels deeper through the water column and into the sediment bed.

BC values deduced with PFL were generally higher in April and closer to shore

(Massachusetts Water Reservoir Authority, MWRA; Inner Penobscot Bay, IPB; Casco Bay, CB;

Cape Cod Bay, CCB) than in August/September and at distant from shore locations (Wilkinson

Basin , WB; East Plats Bay, EPB; Jordan Basin, JB; Georges Bank, GB; and Great South

Channel, GSC) (Table 1). Van Dingenen et al. (24) also reported decreasing atmospheric

concentrations of BC with distance from shore in the same coastal ocean and the North Atlantic.

Since atmospheric wet and dry depositions largely depend on concentration and particle size

(25), our observations suggest that atmospheric deposition is an important removal mechanism

for BC in the GoM, and that higher BC concentrations closer to shore consist of both smaller (nm

to pm) and larger (pm to mm) size airborne particles, while lower concentrations further away

from shore will consist mainly of smaller (nm to pm) BC containing particles. The observed

differences between BC concentrations in April and August/September might reflect both

variations in atmospheric BC concentrations and also variations in the type of fuel and

technology used in this area. Liquid or gas fuel (e.g., fuel used for heating during the winter and

early spring) burn at higher temperatures and produce more soot-like materials (pm to nm size

particles) with higher sorptive properties than char-like materials (mm to pm size particles)

produced from solid fuels (e.g., wood combustion from forest fires during the summer and early

fall) at lower temperatures (26,27). Higher concentrations observed during April might indicate

higher amounts of a sooty BC in our samples during that time of the year than in

August/September.
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Comparison between BC concentrations estimated using PFL and those reported by

Flores-Cervantes et al. (23) for the same samples using CTO 375 (between <0.3 and 16 gg/L)

indicated that, although within the same range of values (Figure 5a), PFL generally estimated

higher BC values than CTO 375 for samples closer to the shore and lower for samples further

away from shore. Consistent with our previous discussion, these observations suggest that BC

values closer to shore included both soot-like (CTO-resistant) and char-like (CTO-labile)

material. For our PLF-estimated BC calculations, we assumed KBC to be 106.25, since this

partitioning constant was derived by Accardi-Dey and Gschwend (14) for coastal sediment

samples collected within the GoM. However, higher CTO 375-estimated BC concentrations

further away from shore may indicate that the overall KBC of the isolated material (that includes

both char- and soot-like BC) was different from the one estimated using only the soot-like BC

(106.25 (14)), leading to a PFL-BC underestimation. Exemptions to these observations were the

August/September samples taken from the Merrimack River (MER) at both depths, and the

shallow Inner Penobscot Bay (IPB) and Massachusetts Water Reservoir Authority (MWRA)

samples, where, although close to shore, our PFL-estimated BC concentrations were lower than

the ones reported using CTO 375 (23). These observations may indicate that the sources of the

collected material included an important proportion of distant (soot-like) sources (e.g., Boston,

MA, Portland, ME, or large plumes of forest fires from Alaska observed during June-September

2004 (28)), or that local soot-like BC sources (e.g. near shore boat exhaust) were present.

Comparison of the PFL method with CTO-375 measures of BC. To examine biases

of our PFL method, we compared our PFL-inferred BC concentrations with previously reported

BC values measured using CTO 375 for twelve standard reference materials (15, Figure 5b). In

the case of melanoidin and DOM, due to high concentrations of other shorter-lived fluorophores,
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we used TGLIF (16-17) to confirm that fluorescence background signals were not adding to our

pyrene signal, and we corrected for inner filter effects following the same procedure as Kuo et al.

(18). The observed results suggested that our samples could be divided in three distinct groups.

The first group consisted of samples for which BC concentrations were the same using both

methodologies, indicating that the isolated material was both, resistant to thermal oxidation and

highly sorptive. This group included soot and bituminous coal (mature coal (29)), and both of

these materials are considered to be highly sorptive and resistant (15, 6, 27, 29). The second

group included samples with labile, but highly sorptive BC and, thus, PFL-estimated

concentrations were higher than those measured using CTO 375. Samples included in this

second group included DOM, German soil, Australian soil, wood char, and grass char. As

mentioned before, CTO 375 is thought to preferentially isolate soot-like BC material as opposed

to char-like or more labile BC material (15, 30), and therefore, a higher PFL-estimated BC

content in DOM, Australian soil, German soil, wood char, and grass char may indicate the

presence of highly sorptive but labile-to-thermal-oxidation materials (for example, chars).

Finally, the third group included BC that was CTO 375-resistant, but whose sorptive properties

might be lower than the ones estimated on a mass basis by Accardi Dey and Gschwend (14) and,

therefore, PFL-estimated BC concentrations were lower than those measured using CTO 375.

This last group included shale, lignite coal (immature and more labile coal (6, 29)), urban dust,

and marine sediment. All of these are environmental samples with a complex matrix that may

involve a mixture of soot- and char-like material resistant to CTO 375, but whose sorptive

strength could lead to an underestimation of BC using PFL if, for example, their overall KBc was

different from 106.25 (14; see also 15).
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Melanoidin was not included in any of the groups mentioned above as BC concentrations

in this material were below PFL detection limits (< 0.06 gBC/kgdw). This synthetic material was

included in the international BC-method comparison study (15) to act as negative control, yet

non zero BC concentrations were reported by other methods, including CTO 375 (15). PFL-

estimated BC values below detection limits for melanoidin were indicative of the lack of

interferences with this synthetic material, and provide confidence in our BC measurements using

PFL.

By developing this method we were mainly interested in the characterization of a highly

sorptive material. The thermal oxidation method mainly isolates a refractory material. The fact

that the PFL method detects comparable amounts of carbon to the ones isolated using CTO 375

in our POM seawater samples suggests that the detected material is similar in both approaches,

and that it has the following characteristics: (1) it is a soot-like material with planar hydrophobic

surfaces (as described by Sergides et al. (33)) responsible of the enhanced sorption of

hydrophobic organic pollutants; (2) it travels long distances through aeolian transport, and

therefore is within the < 100 um sized particles, (3), it is refractory and resistant to natural

degradation processes and thermal oxidation.

The estimated BC concentrations of about 1 to 10 9gBc/L in seawater (of average 4% of

the POM TOC) have important implications for the pollutant fate or hydrophobic organic

pollutants and the carbon cycling in this coastal ecosystem. First, the BC measured is a more

recalcitrant form of POM that degrades at slower rates, explaining why a percentage of POM

TOC is not recycled into CO2 during its transport to the sediments (34). Second, these ggBc/L

concentrations indicate that an important fraction of OC present in POM, that has not been

molecularly characterized (35), may represent the highly-sorptive and highly-refractory material
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that we were able to characterize. And finally, planar hydrophobic organic pollutants (e.g., PAHs

and PCDDs) at relatively low concentrations (ng/L - tg/L) would be mainly sorbed to BC-

containing POM.

In summary, we have developed a low-sample-manipulation and simple technique able to

measure BC concentrations of a recalcitrant carbonaceous material with enhanced sorptive

nature. Some of the disadvantages of this technique include the period of 30 d required to allow

the system to come to equilibrium, and the potential artifacts present in matrices containing

pyrene fluorescence quenchers. However, this method allows us to overcome some of the

limitations of previous methodologies: (1) sample manipulation and transfers are kept to a

minimal; (2) it is able to use a wide range of environmental samples (any sample that can be

placed on a filter); and (3) it measures a material with a specific characteristic of interest for

sorption studies.
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Figure Captions

Figure 1. Sampling stations in the Gulf of Maine (GoM).

Figure 2. Solid-water distribution coefficients (Kd) observed for pyrene sorption to particles

collected from GoM seawater vs expectations from the linear model: Kd = focKo.

Figure 3. Sorbed (Cpys) vs dissolved (Cpyw) pyrene concentrations for GoM seawater samples.

SDB sediments (panel a, previously investigated by Accardi-Dey and Gschwend, (14)) were used

as a control. Filled diamonds represent observations. Dashed line represents the expected Cs

concentrations using a linear sorption model Cs=KToc frocCiw, where froc is the measured total

organic carbon (TOC) and KTOC= 104 .7 (20). KBC is obtained from the intercept B (log Cis= A log

Ciw + B). At Ciw = 1 lag/L, log Ciw=O and in B= log (focKoc + fbcKBc). fBac values for SDB

sediments and GoM seawater were those measured using CTO 375 in this study and previously

reported. The standard deviation associated with Ciw was ± 5 % and the propagated uncertainty

associated with Cis was ± 30 %.

Figure 4. Standard additions. BC increments (gg) by adding a certain amount of SDB sediment

(mg) to a piece of filter containing filtered seawater (April-JB-shallow). Inferred BC content by

observing pyrene fluorescence losses (PFL; filled diamonds) and expected BC content based on

CTO 375 measurements (open squares). Dashed line represents linear increments of BC with

increasing amounts of SDB sediment.

Figure 5. (a) BC concentrations in GoM POM seawater samples, and (b) twelve standard

reference materials using CTO 375 (grey) and pyrene fluorescence loss (PFL) (white). Error bars

represent propagated uncertainties according to Harris (1995). OC and CH followed by a number

after the abbreviated name of the station indicate the time of collection of the sample (OC (R/V
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Oceanus) for April and CH (R/V Cape Hatteras) for August) and the depth at which the sample

was collected.

Table Captions

Table 1. TOC and BC seawater concentrations for 0.7 mrn < POM < 53 gim in the GoM

measured using the PFL method.
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Table 1. TOC and BC seawater concentrations for 0.7 jtm < POM < 53 ýtm in the GoM measured using the PFL method.

April August/September

TOC BC TOC BC Shallow/Deep
Name Station gL)l gL)2 %BC/TOC (g/L)l' (g/L)2 %BC/TOC BC/TOC

Ratio

Mass. Water Res. Authority (6m) 233 13 5.7 131 2.4 1.9 0.4
Mass. Water Res. Authority (20m) 214 n.m. 82.2 6.8 8.3
Merrimack River (6m) 241 1.1 0.5 119 2.7 2.3 0.8
Merrimack River (20m) 234 n.m. 93.8 3.4 3.6
Casco Bay (15m) 289 n.m. 133 <0.01 - -
Casco Bay (24m) 41 n.m. 167 6.9 4.1
Wilkinson Basin (10m) 80.4 7.2 8.9 61.4 0.46 0.8 0.4
Wilkinson Basin (80m) 49.9 n.m. 14.3 1.2 8.3
East Platts Bay (10m) 69.5 1.6 2.2 119 0.32 0.3 0.2
East Platts Bay (80m) 73.3 n.m. 93.8 1.7 1.9
Inner Penobscott Bay (3m) 280 17 6.2 270 2.2 0.8 0.5
Inner Penobscott Bay (6m) 196 n.m. 185 4.8 2.6
Jordan Basin (10m) 87.5 4.2 4.8 67.0 1.1 1.7 0.5
Jordan Basin (80m) 26.3 n.m. 19.9 2.3 12
Georges Bank (10m) 132 n.m. 49.4 1.4 2.9 0.8
Georges Bank (80m) <3 <0.01 51.8 1.9 3.6
Great South Channer (10m) 120 1.3 1.1 167 2.4 1.5 1.3
Great South Channer (60m) n.m. n.m. 23.4 1.9 8.3
Cape Cod Bay (6m) 176 n.m. 94.8 2.7 2.8 0.4
Cape Cod Bay (20m) 230 n.m. 85.2 6.9 8.0
Propagated uncertainties POC + 0.1%; 2Propagated uncertainties BC + 20%; n.m.=not measured.
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Figure 2. Solid-water distribution coefficients (Kd) observed for pyrene sorption to

particles collected from GoM seawater vs expectations from the linear model: Kd = fococ.
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Figure 3. Sorbed (Cpys) vs dissolved (Cpyw) pyrene concentrations for GoM seawater samples. SDB sediments (panel a,

previously investigated by Accardi-Dey and Gschwend, (14)) were used as a control. Filled diamonds represent observations.

Dashed line represents the expected Cs concentrations using a linear sorption model Cs=KToc fTocCiw, where fToc is the

measured total organic carbon (TOC) and KToc= 104.7 (20). KBC is obtained from the intercept B (log Cis= A log Ciw + B). At

Ciw = 1 jtg/L, log Ciw=0 and in B= log (fcKoc + fbcKBc). fBC values for SDB sediments and GoM seawater were those

measured using CTO 375 in this study and previously reported. The standard deviation associated with Ciw was + 5 % and the

propagated uncertainty associated with Ci, was t 30 %.
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Figure 4. Standard additions. BC increments (jtg) by adding a certain amount of SDB

sediment (mg) to a piece of filter containing filtered seawater (April-JB-shallow).

Inferred BC content by observing pyrene fluorescence losses (PFL; filled diamonds) and

expected BC content based on CTO 375 measurements (open squares). Dashed line

represents linear increments of BC with increasing amounts of SDB sediment.
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Figure 5. (a) BC concentrations in GoM POM seawater samples, and (b) twelve standard

reference materials using CTO 375 (grey) and pyrene fluorescence loss (PFL) (white).

Error bars represent propagated uncertainties according to Harris (1995). OC and CH

followed by a number after the abbreviated name of the station indicate the time of

collection of the sample (OC (R/V Oceanus) for April and CH (R/V Cape Hatteras) for

August) and the depth at which the sample was collected.
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Figure Captions

Figure Si. TOC values for our April-JB-shallow filter with increasing distance from the

center.

Figure S2. Example of (a) an homogeneous (April-shallow-WB) and (b) a

heterogeneous (April-deep-IPB) filter.

Figure S3. Log KI (L/Kg) vs Log Ciw for SDB sediments and GoM seawater

samples. The slope A of the linear regression (log KI= A log Ciw + B) is n-1. The

standard deviation associated with Ciw was ± 5 % and the propagated uncertainty

associated with Kd was + 7 %.
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Figure S1. TOC values for our April-JB-shallow filter with increasing distance from the

center.

Figure S2. Example of (a) an homogeneous (April-shallow-WB) and (b) a

heterogeneous (April-deep-IPB) filter.

195





Massachusetts Water Reservoir Authority

y = -0.15±0.04x + 3.52±0.02
R2 = 0.83

n=0.85±0.04 2.80

c 2.75-

g 2.70-

2.65

2.60
-1.0 -0.5 0.0 0.5

Log Cp (ug/L)

0.03

-0.1

log CQp (ug/L)

2.90 -

2.85 -

2.80

y = -0.11+0.09x + 2.84±0.02
R2 = 0.61

n=0.89±0.09

-0.3 -0.1 0.1 0.3

Log Cp (ug/L)

Inner Penobscott Bay East Platts Bank

3. IU

y = -0.34±0.04x + 2.70±0.02
.04

t0.04
3.00 -

2.90-

2.80

2.80 -
y = -0.21 t0.05x + 3.00±0.01

R2 = 0.90
n=0.79±0.05 2.70 -

2.60 -

2.50 -

0An

-0.2 0.0 0.2 0.4 0.6

Log Cp (ug/L)

y = -0.42±0.12x + 2.57±0.03
R2 = 0.85

-0.4 -0.2 0.0 0.2 0.4

Log C,, (ug/L)

197

3.70 -

3.70

S3.6

-J

3.50

-1.5

Jordan Basin

3.00

2.90

" 2.80

2.70

2.60

2.50
-1.0 -0.5 0.0 0.5 1.0

Log Cp, (ug/L)

III

1 I I 1 I · I

South Dorchester Bay Great South Channel

O Or",

'` "'' '

120

_I ( (

.



Figure S3. Log Kd (L/Kg) vs Log Ciw for SDB sediments and GoM seawater samples. The slope A of the linear regression

(log Kd= A log Ciw, + B) is n-1. The standard deviation associated with Ciw was ± 5 % and the propagated uncertainty

associated with Kd was ± 7 %.
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Abstract

To evaluate the effects of historic changes in fuel usage, combustion technologies, and emission

regulations, sedimentation fluxes of black carbon (BC), a combustion-derived contaminant, were

measured in five sediment cores from the Gulf of Maine. In addition, loadings of polycyclic

aromatic hydrocarbons (PAHs), co-produced with BC, were also reconstructed for two of these

cores, one close to shore and the other one further away (150 km). Both BC and PAH fluxes

increased in the past 100 years, peaking at different times during the second half of the 2 0 th

century. Difference in BC and PAH fluxes between sampling stations indicate that these sites

were influenced by changes in fossil and biomass fuels emissions, as much as by hydrographic

and climatological variations in this area. Fluxes of BC and PAHs in the past 100 years were

higher in sediments closer to shore (3.1 + 1.1 g BC m -2 yr-1; 5.4 ± 2.8 mg IPAH m -2 yr-1) than

further away from shore (0.57 + 0.24 gBC m-2 yr; 0.30 + 0.12 mg IPAH m-2 yr1). Three of our

cores recorded the 1947 fire disaster in Maine, while decreases in BC and PAH fluxes seen in

other cores during the 1970s and the 1990s were consistent with the introduction of Clean Air

Act of 1970 and the Clean Air Act Amendments in 1990. PAH source apportionment ratios

suggest that combustion of a mixture of coal and biomass were the main sources of the PAHs

and BC, and that atmospheric transport was the main route of transportation for these

contaminants to distant areas. A decrease in BC and PAH fluxes to this area during the later part

of the 20 th century was evidence of the effects of more stringent environmental regulation, and

strongly encourages the transfer of science and technology to fast-growing economies like India

and China, two of the major BC producers with lower environmental standards.
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Introduction

Apart from their effects on global climate change, combustion processes account for some of the

most toxic components released into the atmosphere. Black carbon (BC) and polycyclic

aromatic hydrocarbons (PAHs), emitted during the incomplete combustion of fossil and biomass

fuels, can negatively affect human health. BC is believed to be responsible for respiratory and

cardiac hospital admissions (Dockery et al., 1993; Grigg, 2002) and about 400,000 deaths among

women and children in developing countries (Smith, 2005; Pachauri, 1998), while some PAHs

are known or suspected carcinogens to humans and animals (Menzie, 1992; Moore, 1995). In

addition, PAHs may also bioaccumulate in shellfish and other benthic organisms (Bierman,

1990; Lohmann et al., 2004; Tracey and Hansen, 1996) consumed by humans, creating an

additional exposure pathway.

To diminish these negative consequences, improvements in technology to have cleaner

combustion processes and different governmental regulations have taken place. However, the

local effects of these actions are in many cases unknown. While there are current estimates of

atmospheric BC and PAH concentrations based on fuel consumption and fuel- and technology

specific emission factors (Bond et al., 2004; Lee et al., 2005; Rogge et al., 1993), this approach is

not able to address historical changes in the composition of fuel and improvements in engine and

emission control technologies, fuel usage, and emission regulations. For example, measurements

of air quality in the Los Angeles basin, CA, reveal decreasing concentrations of all six air

pollutants regulated by the Clean Air Act (CAA) since its introduction in 1970 (Kahn, 1996;

Kiinzli et al., 2003). However, the effect of such regulations in rural areas or off-shore sites,

where air quality monitoring is not available, remains unknown.
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Sediment records of BC and PAHs can provide a historical record of deposition of

combustion-derived carbonaceous aerosols over the past century, a period characterized by

accelerated industrialization and major changes in fuel usage and combustion technology.

Sediment records in different urban lakes and coastal areas have shown good agreement between

both PAHs and BC concentrations and energy consumption, improvements in combustion

technologies, and air quality regulations. For example, decreases in oil consumption during the

Great Depression and the Organization of Petroleum Exporting Countries (OPEC) oil embargo

were captured in a sediment core collected in the Pettaquamscutt River basin, RI (Lima, et al.,

2003); while sediment records of Central Park and Prospect Park Lakes in New York City

recorded the shift from coal to oil and gas for space heating in the 1920s (Louchouarn et al.,

2007). Similarly, sediment profiles in Europe (Elmquist et al., 2007) and the USA (Louchouarn

et al., 2007) recorded decreasing BC concentrations in the second part of the 2 0 th due to more

stringent regulations on particulate control, such as the Clean Air Act Amendments (CAAA).

However, previous studies of sedimentary records have showed mixed results regarding

correlations between PAH and BC fluxes into the sediments. While some researchers have

shown similar trends for PAHs and BC in sediment cores (Gustafsson et al., 1997; Wakeham et

al., 2004), others have reported decoupled trends between these two contaminants (Lima, 2004;

Elmquist et al., 2007, Louchouarn et al., 2007). Therefore, differences between these previous

studies suggest there may have been regional variability in combustion fuel and combustion

conditions (i.e., temperature, oxygen, technology used), differential transport and

transformations of PAHs and BC after their emission, and/or hydrographic and climatological

differences between the studied depositional basins.
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In this study we present reconstructed loadings of BC from five sediment cores collected in

the Gulf of Maine, a coastal area located off the Northeastern coast of the United States (Figure

1). PAH loadings from two of these cores; one close to shore and another one further away from

shore, are also examined. Unlike previous studies, this study was able to provide additional

information regarding the influence of spatial, hydrographic, and climatological variations on

combustion emissions. Furthermore, as far as we know, this is the first joint reconstruction of

BC and PAH records in coastal sediments.

Methods

Sediment sampling

Sediment cores were collected using an MC-800 multicorer sediment.sampler (Ocean

Instruments, San Diego, CA) deployed off the end of the research vessels (with help from crew

staff) from five different locations in the Gulf of Maine (GoM, Figure 1) downwind of important

combustion emission sources (such as Boston, MA and New York, NY), during April (R/V

Oceanus) and August/September (R/V Cape Hatteras) of 2004 (see Table 1). The multicorer

was able to recover up to eight replicate samples of undisturbed surface sediments with an

effective penetration of more than 45 cm. Upon retrieval, the cores were extruded after

siphoning off overlying water and sliced in sections by pushing out the cores from below. The

outer sediment that had been in contact with the barrel was discarded, and the remainder was

placed in pre-combusted glass jars with aluminum foil-lined screw caps, and stored in chest

freezers (-18 oC). With the exemption of MWRA, the cores were sliced on board into 0.5 cm

sections from 0 to 2 cm, 1 cm sections from 2 to 6 cm, 2 cm sections from 6 to 10 cm; 4 cm

sections from 10 to 22 cm, and 8 cm sections for the remainder of the cores. MWRA was sliced
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into 0.5 cm sections from 0 to 2 cm, and 1 cm sections for the remainder of the core. Before

analysis, the sediments were freeze dried and homogenized with mortar and pestle. Due to

demands in sample size and to avoid contamination, different parallel cores were used for BC,

PAH, and radionuclide dating.

Measurements of porosity and density were made at each station on a sister core. About 10

mg of wet sediment were weighed (WWS) on an aluminum pan, and allowed to dry overnight.

The dry sediment was again weighed (WDS) and introduced into a pre-weighted 50 mL glass

cylinder. Methanol was added to the cylinder and the total (methanol + sediment) weight (TW)

and total volume (TV) were recorded when no more air bubbles were observed coming out from

the sediment. The volume of methanol added (VM) was calculated by weigh difference of TW

before and after adding the methanol. The density of the sediment was then calculated from the

salt-corrected (using CTD-measured salinity at the site) WDS and the difference between the TV

and VM. The volume occupied by water (VW) in the sediment was (WWS - WDS)/pwater, and

the porosity of the sediment D was VW/(VW + TV - VW).

Sediment dating

Radionuclide depth profiles were determined for 137Cs and unsupported 2 10Pb (2 10Pbxs =

210Pbtotal - 214Pb). Dry sediments (5 - 20 g) were placed in plastic jars, stored for more than three

weeks to allow for the in-growth of 214Pb and analyzed by gamma spectrometry for 210pb (46.5

keV), 214Pb (295.2 and 351.9 keV) and 137Cs (661 keV) using a high-purity germanium detector

(Canberra model GL2020). Relative counting efficiencies were between of 0.36 and 0.49 for

210Pb, and 1.34 and 1.60 for 214Pb, based on readings from adding Environmental Protection

Agency (EPA) standard Pitch Blend Ore to our samples. These efficiencies changed depending
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on the amount of sample analyzed (geometry of the sample). The 2oPb and 137 Cs activities for

every sediment sample were calculated in disintegrations and counts per minute per gram of salt-

free sediment, respectively. Activities were decay-corrected to the sample collection date.

With the exemption of IPB, where disagreement between the calculated chronology and the

appearance of 137 Cs was observed, sedimentation rates were determined using the constant rate

of supply model (CRS; Appleby and Oldfield, 1978) with salinity-corrected density and porosity

(Appendix III). To derive a more consistent chronology between sedimentation rates and 137Cs

appearance in the IPB core (using CRS, the appearance of 1 37Cs was observed in 1920), IPB

sedimentation rates were calculated using the constant initial concentration model (CIC), where

the sedimentation rate was calculated from the slope of a straight line in a plot of In 210Pb vs

depth of the sediment sample.

We caution the reader that although mixing in the upper layer due to bioturbation may be

present in our cores, the CRS model used in our calculations neglects this effect.

Black carbon (BC) analysis

BC was analysed using the chemothermal oxidation at 375 'C method (CTO-375; Gustafsson

et al., 1997). The CTO-375 method is particularly suited to analysis of the soot of both fossil

fuel and biomass, as opposed to more labile combustion-derived charred residues (Gustafsson et

al, 1997; Hammes et al.., 2007), and it has been evaluated against potential interferences from

biogenic/diagenetic organic matter (Reddy et al., 2002; Hammes et al., 2007). Triplicate samples

of about 5 mg of dry sediments were ground and weighed into manually shaped mortar Ag

capsules placed in precombusted Petri dishes and combusted at 375 'C for 24 hr under air in a

F47915 Thermolyne muffle furnace (Barnstead Thermolyne International, Dubuque, IA) to
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remove labile organic carbon. The samples were then in situ acidified with about 200 pl of 6%

by volume H2SO 3 (Fisher Chemicals, Fairlawn, NJ), before being dried at 60 OC overnight. The

carbon content of the remaining material was determined using a CHN analyzer (Vario EL,

Elementar America, Inc., NJ), with a detection limit of 1 glg C for a signal-to-noise ratio larger

than 3:1. All samples were blank corrected and variation between replicates was less than 10%.

Polycyclic aromatic hydrocarbons (PAHs) extraction and analysis

Dry sediment samples (-1 mg) were spiked with deuterated PAHs (acenaphthene-dl0,

phenenthrene-dl0, pyrene-dl0, m-terphenyl, chrysene-dl2, and perylene-dl2 or

benzo[b]fluoranthene-d12) and pressurized fluid extracted (Dionex ASE-200) three times with

10 % methanol in methylene chloride at 7,000 kPa at 100 oC The extracts were reduced to 1 ml

aliquots under a nitrogen gas stream, and spiked with deuterated PAH injection standards

(anthracene-d0l, fluoranthene-dl0, and benz[a]anthracene-dl2) before gas chromatography-

mass spectrometry (GC-MS) analysis. For quantification, the analytes were separated on a

capillary column (J & W Scientific, Folsom, CA) in an HP 6890 GC connected to a JEOL GC

mate MS. Samples (1 gL) were auto injected in the splitless mode with the injection port held at

280 'C, and the mass spectrometer operating in full scan mode. Recoveries for lighter PAHs

(m/z= 164, 188) were 72.5 ± 19.1%, for medium PAHs (m/z=212) 87.4 + 20.0%, and 92.8 +

18.0% for heavier PAHs (m/z=230-252). Procedural blanks consisted of analyzing pre-

combusted Ottawa quartz sand (S23-3, Fischer Scientific, Fair Lawn, NJ) which was processed

in the same manner as our sediment samples, and the sample results were blank-procedure

corrected. To assess accuracy and precision, we did replicates of three of our samples in each

core, and extracted and analyzed 1.0 g of NIST Standard Reference Material 1941a (Organics in
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Marine Sediment; NIST SRM 1941a). Variations between replicates were less than 20%, and

our measured PAH concentrations were within 21% of the certified NIST SRM 1941a values.

Here we report IPAH as the sum of 13 out of the 16 parent PAHs on the EPA priority pollution

list (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene,

benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, indeno[1,2,3-

c,d]pyrene, and dibenz[a,h]anthracene). Naphthalene, acenaphthene, and acenathylene were not

reported due to the low recoveries of the spiked acenaphthene-dl0 in some of our samples. In

our samples we also measured the sum of methyl-phenanthrenes (EMP) for purposes of PAH

source identification.

Results and Discussion

Sediment dating

Observed unsupported 210Pb radionuclide profiles (Figure S 1) were for the most part

relatively uniform, suggesting that mechanical or biological turbation for this area was low

below the first few centimeters (Appleby, 2001). One clear exception was the bottom section of

the MWRA sediment core (at 11, 12 and 16 cm from the surface; Figure S1), where, in order to

provide a better estimate, we interpolated unsupported 210Pb values from above and below the

given depth (see Appendix III). Age assignments of the unsupported 210Pb radionuclide profiles

calculated using either the CRS or CIC dating models were consistent with the initial activity

increase of 137Cs in the same core (Figures S2, and Appendix III). In all cores, increased 137Cs

activity was detected in the late 1940s/early 1950s, and a larger activity increase corresponded to

the mid 1960s, consistent with the increased nuclear weapon testing that occurred in the United

States between 1961 and 1963 (Norris and Cochran, 1994). Previous studies have also reported
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a second peak in the mid 1980s corresponding to the Chernobyl reactor fire in the former Soviet

Union in 1986 (Appleby, 2001; Lima et al., 2003). However, we only saw this second peak in

three of our cores (JB, CCB and WB; Fig. S2).

Granstein and Turekian (1986) reported deposition inventories of 2 10Pb in New Haven of

38.6 dpm cm-2. Assuming a relatively uniform 210Pb atmospheric deposition in the northeastern

USA region, our depth-integrated 210Pb sediment inventories (Table 1) showed significant

sediment focusing occurred in the JB sediment core (factor of 2.4), but not in the other cores.

Deep basins tend to exhibit sediment focusing due to inputs from the basin periphery. Therefore

a focusing factor of 2.4 at JB, a large and deep basin, is not surprising and has been also

previously reported (focusing factor of - 4; Hites et al., 1980). To be consistent, all of the

sediment fluxes discussed below were corrected for focusing.

BC and ŽPAH fluxes

Average BC burial fluxes between 0.57 and 3.1 g m-2 yr-1 (Figure 2 and 3) agreed well with

conclusions previously reported for this area (Gustafsson and Gschwend, 1998). Observations of

decreasing deposition fluxes with increasing distance from shore (i.e., IPB > CCB2 > MWRA >

WB2 > JB) indicated that atmospheric deposition might be the main source of BC to these areas.

Similarly, average IPAH fluxes at IPB (5,400 + 2,800 tg XPAH m -2 yr- ) were also substantially

higher than those observed at JB (350 + 120 jig XPAH m-2 yr-1). These fluxes and spatial

distributions are consistent with PAH atmospheric deposition (Golomb et al., 2001),

sedimentation fluxes (Gschwend and Hites, 1981), and concentrations (Hites at al., 1980;

Windsor and Hites, 1979) previously observed in this coastal area. Due to their recalcitrant and

hydrophobic nature, we expect minimal chemical or biological degradation and mobility of BC.
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Lower molecular weight PAHs (less than four aromatic rings) tend to degrade at faster rates than

higher molecular weight PAHs (Hinga, 2003 and references therein). Therefore, the relative

constant molecular ratio observed in our sediment samples between a low and a high molecular

weigh PAH, anthracene-to-indeno[1,2,3-c,d]pyrene (Figure S3), further supported our hypothesis

of minimal biological or chemical degradation at these sites. We reserved ourselves from

interpreting the first centimeter depth in our cores due to the propensity of this first layer of

sediment to mechanical or biological turbation.

PAH and BC are both produced during pyrogenic processes and are thought to have similar

transport pathways (Gustafsson et al., 1997). However, as mentioned before, their relative

emissions can vary significantly, depending on the fuel and the technology used (Table Si).

Also, before their final sedimentation, PAHs' and BC's transport and transformation pathways

may differ (e.g. Lima et al., 2003; Elmquist et al., 2007; Miguel et al., 1998; Novakov et al.,

2004). Therefore, in the following section we discuss the observed changes of BC and EPAHs in

our sediment cores without assuming a strong correlation between them.

Massachusetts Water Reservoir Authority Outfall Area (MWRA)

The record of BC fluxes into the sediments near the MWRA outfall followed a trend

consistent with fuel use in Massachusetts and similar to what others have seen for lake sediment

(Gustafsson et al., 1997; Louchouarn et al, 2007) for the Northeastern USA (Figure 2a). With

the onset of industrialization, BC fluxes sharply increased during the first decades of the 2 0th

century until the early 1930s, possibly reflecting a decrease in energy consumption during the

Great Depression (EIA, 2007). During the 1940s and the 1950s, energy consumption in the U.S.

continued to increase (EIA, 2007), but, during this time, changes in fuel from coal to petroleum
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also occurred. BC emissions from oil are usually lower than from coal (Bond et al., 2004), and

the relatively unchanged BC fluxes observed in the MWRA sediment core may reflect this shift.

However, the rapid increase in energy consumption was eventually reflected in the sharp

increase in BC fluxes from the early 1950s to the late 1960s, when changes in regulations and the

technology influenced contaminant emissions into the atmosphere. Decreased BC fluxes

throughout the 1970s may have recorded the effects of the introduction of the EPA CAA, the

introduction of catalytic converters, and the OPEC oil embargo in the mid 1970s (EIA, 2007;

Lima et al., 2003; Schneider et al., 2001; Van Metre et al., 2000). In our core we see an

additional increase in the early 1980s that has not been previously reported and that may

correspond to a shift back to coal for energy use in the state of Massachusetts (EIA, 2007; Figure

S3) during that period of time. A decrease in BC fluxes observed in the early 1990s in this and

all of the other sampled sites (Figure 2 and 3) coincides with the introduction of the 1990 CAAA,

and this has also been reported for two New York City lakes (Louchouarn, 2007). Furthermore,

an increased use since the early 1990s of natural gas, a low emission fuel, in Massachusetts may

be responsible for the decrease in BC fluxes in the last decade of the 20 th century (EIA, 2007;

Figure S4).

Cape Cod Bay (CCB2)

Downcore changes in fluxes of BC at CCB also show peaks in the early 1970s and mid

1980s (Figure 2b). However, different from MWRA there is apparently no increase in the earlier

years of the 20 th century. This observation is not surprising, since the population of Cape Cod

remained relatively low and constant until the early 1950s, but increase rapidly in the following

decades tripling it size by 1980 (WHRC, 2007). The decrease in BC fluxes after 1978 may
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represent the after-effects of the introduction of the CAA and the OPEC oil embargo, and the

sharp increase following that period a continuous population growth and energy use in that area

until the mid 1990s, when population growth sharply decreased. In addition, the observed

increase in BC fluxes in the 1980s and decrease in the 1990s, may reflect, as in the MWRA core,

changes in fuel from petroleum, to coal, to natural gas (EIA, 2007; Figure S4).

Wilkinson Basin (WB2)

This core is further away from shore (-150 km from Boston) and may not be as sensitive to

local changes as the previous two cores. Different from the previous two cores, in this core we

see a peak maximum early in the 2 0 th century and no further BC flux increases until later in the

1980s. Furthermore, BC fluxes in the early 1980s returned to pre-industrialization values

(Figure 2c). Elmquist et al. (2007) reported a similar pattern with a BC flux maxima in the mid

1920s and decrease to pre-industrialization values during the late 1980s, and they observed that

this shift was consistent with the substitution of wood with coal and coke in Europe. In the US

the shift from wood to coal/coke was reported earlier, and instead, the peak observed in the

1930s and 1940s might represent increases in coal consumption in the early 1900s and the

subsequent decrease during the Depression years (EIA, 2007; Figure S4). It may also correspond

to the worst fire on record in the history of Maine and New England in the late 1940s (October

through September 1947; 200,000 acres burned; Butler, 1997; NIFC, 2007). The relatively low

BC fluxes in the following years at this site point out to differences between close to shore and

further away from shore sites due to changes in fuel use and/or technology. Particulate

emissions from coal are higher and have larger mean particle sizes than for petroleum (Bond et

al., 2004). Therefore, increases in BC fluxes due to increases in coal use might not be as evident
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at distance from shore sites. The eventual increase in BC fluxes in the 1980s and subsequent

decrease in the 1990s are consistent with energy use trends (EIA, 2007) and the introduction of

the CAAA. Although major commercial trawling events have been reported in this area of the

GoM (Pilskaln et al., 1998), a continuous 210pb sediment profile suggests minimum sediment

disturbance (Figure Si).

Inner Penobscott Bay (IPB)

The sediment record in this core only dates back to the early 1940s and does not provide

information regarding changes in fuel usage and consumption in this area during the early 1900s

(Figure 3a). Nonetheless, a very fast increase of both BC and EPAH fluxes in the late 1940s

indicated the record of the devastating fire in Maine in 1947 (NIFC, 2007). XPAH fluxes peaked

in the late 1940s, yet BC fluxes continued to increase through the early 1950s. Subsequent

runoff and soil erosion containing high concentrations of BC promoted by a decrease in

vegetation that resulted from the fire could be responsible for the observed increase in BC fluxes.

A faster increase in EPAH fluxes compared to BC fluxes during the 1960s is consistent with a

shift from wood to fossil fuel (- 5 fold difference in EPAH-to-BC emissions ratio between wood

and diesel fuel combustion; Table S 1) observed in Maine (EIA, 2007; Figure S4). Like in

previous cores and observations made by other researchers (Lima et al., 2003; Louchouarn,

2007, Elmquist and Gustafsson, 2006), both BC and ;PAH fluxes presented a peak-maxima in

the late 1970s. This increase and subsequent decrease is consistent with trends in energy use

(EIA, 2007; Figure S4) in the 20 th century, and the latter introduction of the CAA, changes in

combustion technology, and the OPEC oil embargo in the 1970s. A second decoupling of BC

from EPAH observed in the early 1980s may represent the introduction of catalytic converters in

212



motor vehicles a lower IPAH-to-BC emission ratio (Table Si). YPAH fluxes continued to

decrease for the remainder of the 20 th century. However, consistent with trends in energy use in

Maine (and the whole New England area; EIA, 2007), BC fluxes again increased in the early late

1980s and early 1990s, before their eventual decrease in the middle and late 1990s, which

coincides with the enactment of the CAAA. Although the CAA promoted the development of

new combustion technologies that improved air quality, the CAAA were more stringent

regarding particulate matter and promoted the used of cleaner fuels such as low sulfur coal and

natural gas. Our findings suggest that the CAAA were more successful at reducing BC

emissions than the previous CAA.

Jordan Basin (JB)

JB, a site located about 270 km from Boston (Figure 1), presented the lowest concentrations

and fluxes of BC and IPAH (Figure 3b). At this site, both BC and EPAH fluxes have

dramatically departed from pre-industrial concentrations. BC and EPAH fluxes started to

increase with the turn of the past century (assuming 210 Pb-based sedimentation rates can be

extrapolated back past 1900) and the onset of the industrial revolution, and similar to IPB,

presented a peak in 1940s. JB is about 80 km from IPB and is possible that the peak observed in

this sediment core in the 1940s was also representative of the 1947 Maine fire disaster. Similar

to the WB site, at this core we were unable to identify the 1960-1970s peak seen in other studies.

Instead we see that fluxes of BC and EPAHs remained low until the early 1980s when they

started to increase again. This later increase continued until the 1990s, and followed the trends

in New England's energy use (EIA, 2007; Figure S4) and coincides with the enactment of the

CAAA.
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Sediment records of BC fluxes at JB were similar to the ones observed at WB, another

distant-from-shore site, and differed from observations at close-to-shore stations (i.e., MWRA,

CCB, and IPB), probably due to differences in transport processes. Closer similarities between

BC and XPAHs at JB than at IPB, further suggests that variations in the sediment record will be

affected by the transformations that BC and PAHs may undergo before their final burial.

PAH source ratios

Analyses of PAH ratios have proven to be good indicators of source and delivery routes of

PAHs (Gschwend and Hites, 1981; Gustafsson and Gschwend, Yunker et al., 2002). In order to

differentiate petrogenic from pyrogenic sources, as well as fossil fuel combustion from coal,

softwood and grass combustion, we used fluoranthene-to (pyrene plus fluoranthene)

(Fla/(Fla+Py)) (petrogenic<0.4; 0.4 <fossil fuel combustion<0.6; coal, softwood, grass

combustion >0.6; Yunket et al., 2003), and minethyl-phenanthrenes to phenanthrene ratios

(IMP/P) (-0.5 for petrogenic and -5 for pyrogenic; Yunker et al., 2003). The IPB and JB PAH

source diagnostic ratios (Figure 4) indicate that for the main sources of PAHs to both of these

sites were mixtures of combustion sources. In addition, higher than 0.6 Fla/(Fla+Py) ratios

suggest that these sites were mainly influenced by coal, wood, and/or grass combustion. These

findings are not surprising since Maine is one of the top US producers of electricity from wood

and wood waste, and Massachusetts heavily relies on coal for energy production (EIA, 2007).

Searsport is an oil seaport close to IPB, and possible oil spills could explain the high IMP/P ratio

observed in 1949 and 1960. However, we were not able to trace back any specific oil spill

events in this area. PAH ratios of benzo[a]pyrene to benzo[e]pyrene (B[a]P/B[e]P) are

indicative of the distance from the emission source, as well as the travel route (i.e., atmospheric
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or aeolian transport) of the pyrogenic compounds (Gschwend and Hites, 1981). B[a]P photo

degrades at a faster rate than B[e]P in the atmosphere. As a result, higher ratios of B[a]P to

B[e]P indicate closeness to the source, whereas lower ratios indicate that the PAH have travelled

a distance long enough to see a decrease in the more sensitive PAH due to photo degradation. In

our cores we see a decreased B[a]P/B[e]P ratio in JB as compared to IPB. This indicates that

PAHs found in IPB are probably produced locally; whereas PAHs from JB travelled a certain

distance before its final deposition.

Abundances of individual PAHs of different molecular weight can also provide valuable

information regarding changes in energy use or transport processes. For example, the higher

anthracene-to-ideno[1,2,3-c,d]pyrene ratio observed at IPB than JB (Figure S3), may indicate

different transportation routes between these two sampling sites. Smaller PAHs (such as

anthracene) are vaporized and dissolved more readily from particles than larger PAHs (such as

ideno[1,2,3-c,d]pyrene), and are more sensitive to reactions with OH radicals present in the

atmosphere and direct photochemical reactions (Schwarzenbach et al., 2003). In addition, larger

PAHs are predominantly particle-bound, due to their stronger affinities for BC containing

aerosols (Gustafsson et al., 1997), reducing significantly the losses by these mechanisms in the

atmosphere. This observation implies that atmospheric transport was the main route of the BC

and EPAHs found at JB.

The different influences of each one of the locations, more importantly in the distant from

shore locations, may be influenced by different pyrogenic events and regional weather patterns.

WB and JB are generally north of the area of the 1947 fire disaster in Maine, yet based on the

observations from the sediment cores, both of these sites may have been more heavily impacted
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by this mayor event than historical changes in fuel usage in urban areas (e.g. Boston, MA and

New Your, NY).

Sediment records of BC and IPAHs fluxes provided valuable information regarding historic

sources and transportation mechanisms of atmospheric contaminants. This study allowed us to

identify spatial and temporal patterns of BC and ZPAH fluxes reflecting combustion sources,

technology, and emission regulations, as well as transport processes. Sedimentation fluxes of

BC and ZPAHs were higher for sites closer to shore, and where available, PAH source ratios and

relative abundances suggest that atmospheric transport is the main route for these materials to off

shore sites. Larger variability was observed in sites closer to shore, probably due stronger

influences from nearby sources. Nevertheless, all studied sites are able to show a finger print of

human influences based on society, industry and government regulated decisions, as well as

economic activity and, in the case of wildfires, meteorological conditions. These reconstructed

fingerprints provide useful information to address the effects of regulations and constrain

historical human exposure of combustion derived pollutants.
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Figure Captions

Figure 1. Sediment sampling locations in the Gulf of Maine (GoM).

Figure 2. BC sediment fluxes for (a) MWRA, (b) CCB2 and (c) WB2.

Figure 3. BC and IPAH sedimentation fluxes in (a) IPB and (b) JB.

Figure 4. Source apportionment PAH ratios: Sum of methyl phenanthrenes to phenanthrene
(XMP/P), fluoranthene to fluoranthene plus pyrene (Fla/(Fla+Py)), and benzo[a]pyrene to
benzo[e]pyrene for (a) IPB and (b) JB.

Table Captions

Table 1. Description of sampling station in the GoM.
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Table 1. Description of sampling stations in the GoM.

Date of Water Sediment 21 Pb inventoryNamecollection Depth Latitude Longitude Depth (dpm M2)
(m) (cm) (dpm m 2)

MA Water Resources Authority (MWRA)
Cape Cod Bay (CCB2)
Wilkinson Basin (WB2)
Inner Penobscot Bay (IPB)
Jordan Basin (JB)

9/02/2004
4/18/2004
4/20/2004
4/21/2004
4/22/2004

71 420 27.21 N
30 41 056.28 N
167 43 022.53 N
17 440 25.87 N

287 43028.98 N
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Figure 1. Sediment sampling locations in the Gulf of Maine (GoM).
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Figure 2. BC sediment fluxes for (a) MWRA, (b) CCB2 and (c) WB2.
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Figure 3. BC and EPAH sedimentation fluxes in (a) IPB and (b) JB.

224

15000

Jordan Basin
gIg EPAH m"2 yr 1

200 400).0 0.2

b)

0

2004

1984

1964

1944

1924

1904

1884

1864

1844

1824

I I I1

n~n·

W----------x

I--- ~
r20 A/'' R

0UU4

1984

1964

1944-

1924-

1904-

1884-

1864

1844-

1824-

nr\nl

9··"

I



EMP/P

2004

1994

1984

1974

1964

1954

1944

1934
0 1 23 45 6

EMP/P

2004

1984

1964

1944

1924

1904

1884

1864
0 1 2 34 56

ratio

Inner Penobscot Bay

Ra/(Ra+Py)

2004

1994 -

EO Z

1974 0

1964

1954-
a0  

U

1944 -

1934 a ,
0.2 0.4 0.6 0.8

Jordan Basin

Ra/(Ra+Pyr)

200U4

1984

1964- o

Sa
1944 -

1924-

1904

a a

1864
0.2 0.4 0.6 0.8

ratio

C
O

o0

E
0
U

B[a]py/B[e]py

,

Figure 4. Source apportionment PAH ratios: Sum of methyl phenanthrenes to phenanthrene

(IMP/P), fluoranthene to fluoranthene plus pyrene (Fla/(Fla+Py)), and benzo[a]pyrene to

benzo[e]pyrene (B[a]P/B[e]P) for (a) IPB and (b) JB.

225

2004

1994

1984

1974

1964

1954

1944

1934
0 0.4 0.8 1.2

B[a]pyr/B[e]pyr

2004

1984

1964 -

1944 -

1924

1904

1884

1864 , ,
0 0.4 0.8 1.2

ratio

I I



Supporting Information for:

"Spatial and temporal variations of black carbon and polycyclic aromatic hydrocarbons

inputs to the Gulf of Maine in the last 100 years"
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This document includes:

Table S 1.

Figures S1, S2, S3, S4.
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Figure Captions

Figure S1. Depth profiles of unsupported 21oPb for all cores vs. depth (data on Appendix III).

Figure S2. Depth profiles of 137 Cs for all cores vs. year of deposition as estimated by the 210pb
CRS and CIC models (see text and Appendix III).

Figure S3. Anthracene-to-indeno[1,2,3-c,d]pyrene ratio for Inner Penobscot Bay (IPB) and
Jordan Basin (JB).

Figure S4. Historical energy use in (a) the USA, (b) the New England area, (c) Connecticut, (d)
Maine, (e) Massachusetts, (f) New Hampshire, (g) Rhode Island, (h) Vermont. Data from EIA,
2007.

Table Captions

Table S1. Range of PAH-to-BC emission ratios based on fuel and technology used.
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Table S1. Range of PAH-to-BC emission ratios based on fuel and technology used.

Sector Fuel PAHa BC (mg kg-1) PAH/BC
mgkg BCmg kg-)

low high mgPAH/mgBc
Industry Diesel fuel 1.1b 3.40 4.40 0.32 0.25

Brown coal 0.002 d  0.010 1.2c 0.15 0.00

Transportation Gasoline (non-catalyst) 3.2 e  0.430 7.4
2.2fg 8 .3 fg 0.3

Gasoline (catalyst) 0.24e 0.080 0.43c 3.0 0.6
0.05hi  0.03 h  1.5
0.04fg  0.77fg  0.05

Diesel (heavy-duty) 0.27e 1.3c  3.6 c  0.21 0.08
1.40 h' 1.4h  1.0

0.4 6 gjk 5 7gj 0.01

Residential Diesel fuel 32' 0.06c  4.00 533 8
Wood 30 rn  0.3 1.40 100 21
Wood pine 37 n  0.13 n  279
Wood oak 20 n  0/16 n  123
Wood eucalyptus 20 n  0.22 n  89
Hardwood in fireplace 300 0.650 46
Hardwood in stove 140 0.300 46
Coal briquette 8.8 P  0.150 59
Charcoal 6.1 1.00 6.1
Hard coal 111 q  0.760 5.40 146 21
Brown coal 57.8 - 1 36 q 0.180 321 756

Natural fires/ Pine wood 5.7r 0.560 0.610 10.18 9.34
agricultural burning Agricultural waste 3.8' 0.690 5.4
aSPAHs: phenanthrene, anthracene, fluoranthene, pyrene, chrysene/triphenylene, benzo(a)anthracene,
benzo(b+k)fluoranthene, benzo(a)pyrene; bUS EPA (1993); CBond et al. (2004); dUS EPA (1998); eRogge et al. (1993);
fShauer et al. (2002); gunits mg km-1; hMiguel et al. (1998); 'phenanthrene and anthracene were not measured; 'Schauer et al.
(1999); kbenzo(b+k)fluoranthene, benzo(a)pyrene were not measured; 'Johansson et al. (2004); mOanh et al. (2002); nSchauer

et al. (2001); OMcDonald et al. (2000); POanh et al. (1999); qChen et al. (2005); 'Jenkins et al. (1996)
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Figure S4. Historical energy use in (a) the USA, (b) the New England area, (c) Connecticut, (d)
Maine, (e) Massachusetts, (f) New Hampshire, (g) Rhode Island, (h) Vermont. Data from EIA,
2007.
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CHAPTER 7. CONCLUSIONS

Summary

Two different techniques, a modified chemothermal oxidation at 375 oC method (CTO-375) and

pyrene fluorescence losses (PFL), were applied to measure BC in seawater particulate organic

carbon (POC). In both cases, the data indicate that BC contributes, on average, 5% of the POC.

The modified CTO-375 method is a strong oxidative method that retains only the most

recalcitrant carbon, while the PFL method distinguishes BC from other materials due to its

strong sorption properties. The resemblance in concentrations between both methodologies

suggests that the isolated material is both recalcitrant and highly sorptive. The observed

concentrations imply that up to half of the previously chemically unidentifiable POC in seawater

(Aluwihare et al., 1997; Eglinton and Repeta, 2004) may simply be these combustion-derived

particles. Furthermore, the recognized presence of this recalcitrant BC carbon may well explain

why some POC is not recycled to CO 2 during its transport to depth and even within the sediment

beds below. Finally, the observed BC concentrations of this highly sorptive material imply that

BC substantially affects the speciation of high molecular weight pollutants like polycyclic

aromatic hydrocarbons (PAHs) and polychlorinated dibenzo dioxins (PCDD) in GoM seawater,

by limiting their degradation and toxic effects.

The use of the CTO-375, adapted to measure BC in seawater samples with additional sample

manipulations, was found to be appropriate to measure BC in seawater POC. The application of

the methodology with positive and negative controls as well as seawater phytoplankton, provided

additional confidence in the use of the method in a given setting, and called to attention certain

manipulations that might increase or decrease interferences in our measurements. Of special
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interest for this study was to learn that some seawater phytoplankton species may be more prone

to charring than others and that measurements of BC concentrations in seawater may be

compromised when cryopreservant or theca-containing phytoplankton are present at high

concentrations. Results from testing, of the modified CTO-375 in phytoplankton species

commonly observed in the Gulf of Maine, indicated that samples of POC taken during spring and

fall, when diatoms are dominant species, may not compromise the measured BC concentrations.

However, our findings indicate that caution should be taken for BC measurements during the

summer, when theca-containing dinoflagellates are the dominant species in the surface waters in

this coastal area. Further research of the CTO-375 method and its adaptations to different media

should continue to test different scenarios where BC measurements using this methodology

would be compromised due to both over- and under-detection.

The study of organic carbon cycling in the GoM provided useful information regarding

physical processes that influence the fate of BC, and its similarities and differences with non-BC

organic carbon (OC). Larger fluxes of particulate matter out of the water column in

August/September than in April, and positioned closer or further away from shore, influence the

export of both of these fractions of organic carbon from the surface water. However, primary

productivity was found to be the main source of organic carbon to the GoM, while atmospheric

transport appeared to be the main transport mechanism of BC to this area. In addition,

decreasing OC concentrations and relatively constant BC levels with increasing depth in the

water column indicated that BC is a more recalcitrant form of OC that degrades at much slower

rates. Since there are no previous estimates of BC in coastal water, comparison between the

processes that govern both non-BC OC and BC with previous studies of carbon cycling allowed

us to build confidence in our calculations.
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Similarities between the measured BC concentrations by observing pyrene fluorescence

losses (PFL) and the modified CTO-375, two methodologies with very different set of principles,

further builds confidence in our results. Results using these methods suggest that the isolated

material is both recalcitrant and highly sorptive. PFL is designed to measure concentrations of a

carbonaceous material with enhanced sorptive nature, while CTO-375 measures the recalcitrant

carbonaceous material that survives a chemothermal oxidation. Both of these characteristics

conform well with the BC model proposed by Sergides et al (1987). Although this new

methodology has not been as thoroughly tested as CTO-375, it allows us to overcome some of

the limitations of previous methodologies: (1) sample manipulation and transfers are kept to a

minimal; (2) it is able to use a wide range of environmental samples (any sample that can be

placed on a filter); (3) it measures a material with a specific characteristic of our interest for

sorption studies; and (4) it might be able to see both char and soot BC..

Finally, sediment records of BC fluxes suggested that BC emissions in the past 100 years

were largely influenced by anthropogenic activities. More strict regulations, improvements in

fuel combustion technologies, and the use of cleaner fuels (such as natural gas) were largely

responsible for the observed decreases towards the end of the past century. However, with

today's growing need for new alternative sources, and plans to replace gasoline with diesel in on-

road vehicles and fossil fuels with coal in industry and electricity production, there are debates

about whether BC emissions will continue to decrease (Miguel et al., 1998). Furthermore, with

increasing evidence that local events of aerosol pollution can affect other distant places in the

globe (e.g., Eglinton et al., 2002), these observations strongly encourage the transfer of science

and technology to fast-growing economies like India and China, two of the major BC producers

with lower environmental standards.
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Recognition of water bodies as atmospheric BC sinks, and acknowledging that aerosol

BC is the main transport mechanism to distant from shore sites, identifies the oceans as potential

large BC reservoirs. Extrapolating our measured BC fluxes to a global scale, BC in coastal POC

can account for most of the estimated annually produced biomass and fossil fuels BC (Bond et

al., 2004). This work shows that the importance of BC in water bodies has been underestimated,

that BC concentrations in water are needed to fully understand the transport and transformation

processes of BC, and that BC concentrations in water play an active role in other important

geochemical cycles. Recognizing the importance of BC in environments beyond the atmosphere

strongly suggests that environmental scientists, engineers, and policy makers need to assess the

presence and impacts of combustion processes. Hopefully this work will encourage more intense

campaigns to measure BC in seawater, as well as collaboration between different science fields

that focus on the study of BC.

Additional implications of the thesis

With increasing evidence that BC might be the second largest contributor to current global

climate change (Ramanathan and Carmichael, 2008), measurements of BC fluxes provide

information to reduce uncertainties in the atmospheric concentrations, by constraining the

amount of BC that leaves the atmosphere to be incorporated into water bodies. Furthermore, BC

fluxes in seawater POC can also constrain sediment and soil inputs of BC, providing a better

estimate of the recalcitrant carbon potentially sequestered in these pools. If we are able to know

how much BC is in the rivers and oceans of the world, we will be able to constrain how much is

in the atmosphere, the sediments, and the soils, and vice versa.
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Future work

The work presented here opens several new pathways of future research. However, here I

will only mention some of the ones that I find most interesting.

Although this thesis addresses the importance of BC in POC, there are indications that BC

may also be present in the methodology-defined dissolved organic carbon (DOC; Kim et al.,

2004; Mannino and Harvery, 2004; Masiello and Druffel, 1998; Simpson and Hatcher, 2004) and

would likely be present in the colloidal (COC) organic carbon fraction as well. If recalcitrant BC

is present in seawater, as the non-BC material is recycled within the water column, it is

reasonable to assume that BC-containing particles will tend to coagulate with other smaller

particles present in the water column on its way to the ocean's floor. POC represents less than

20% of the total organic carbon (TOC). Therefore, the BC ocean reservoir could be much larger

than expected if only BC in POC is considered. Future work in that direction would provide

very important findings regarding the source of "old" (14C-depleted) dissolved organic carbon in

the deep ocean; one of the most intriguing challenges of marine organic biochemists.

Consequences of this future research would be most useful to estimate the potential of large

water bodies to sequester anthropogenic carbon emissions from the atmosphere. However,

further testing of the applicability of the present methodologies to measure BC in these organic

carbon fractions involves a new line of research by itself.

Since these are some of the first measurements of BC in water bodies, this work leaves an

open pathway for future studies to address spatial and temporal variations, especially in the open

ocean, where up to now, measurements of BC in POC seawater have yet to be made. What are

the concentrations of BC in open oceans? How did BC get to the most remote parts of the

ocean? Is BC transported to these remote areas mainly by major episodic events, or are there

239



continuous inputs of BC to these areas? Are there any parts of the oceans where BC is

accumulating? These are some of the unanswered questions that still need to be resolved.

One of the major difficulties of the study of black carbon is that although many different

fields of science are studying this carbonaceous material, different definitions and methodologies

create great gaps between researchers from different lines of research. Discrepancies in BC

concentrations measured by atmospheric scientists or oceanographers, due to differences in the

methodology used, stress the need to investigate the applicability and interchangeability between

BC concentrations using one or another method. In addition, this line of research will require the

need to continue to develop methods to unequivocally identify and quantify BC, such as

transmission electron microscope (TEM) and scanning electron microscope (SEM) techniques.

The later could then serve as the basis to normalize measurements made using other techniques.
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238U AND 234Th RADIONUCLIDE DISEQUILIBRIA
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Table 1. 238U and 234Th radionuclide disequilibria in seawater during April 2004

NISKIN NITEX

Salinity 234Th 234Th dpm
depth expected net dpm at net at net error

Station 38U error +/- collection error +/- collection +/-
Name (dpm/m 3) dpm/m 3  (dpm/m 3) dpm/m 3 234Th/238U (dpm/m 3) dpm/m 3

CCB1 6.4 2118 21 831 25 0.39 2.4113 0.1213
9.3 2114
13.1 2114

21
21

907
863

27
20

0.43
0.41

CCB2 6.4 2143
12.5 2143

MWRA 3.5
6.14
10
20

NMB

MER

WB1

WB2

2.4
6

9.3
14
21
24
29
50

3
6.1
10.5
20.2

6
25
38
50
60
80

97.5
140

6
11

16.5
25
30
50
65
100

2045
2047
2092
2185

2093
2102
2136
2151
2156
2167
2169
2174

2072
2112
2119
2128

2136
2140
2170
2183
2186
2188
2203
2213

2113
2132
2135
2135
2139
2158
2171
2175

489
635

373
390
329
477

905
1070
1114
1591
1007
1516
1350
1655

1468
1552
1523
1717

1929
1834
2190
1581
2011
1961
1909
1974

1875
2096
2029
2056
2021
1792
1887
1735

19
23

15
18
13
17

30
29
38
73
48
57
65
79

56
96
63
73

104
99
118
87
111
108
105
109

101
113
110
111
109
99

104
95

0.23
0.30

0.18
0.19
0.16
0.22

0.43
0.51
0.52
0.74
0.47
0.70
0.62
0.76

0.71
0.73
0.72
0.81

0.90
0.86
1.01
0.72
0.92
0.90
0.87
0.89

0.89
0.98
0.95
0.96
0.94
0.83
0.87
0.80

3.6785 0.1847

13.0774 0.4884

9.4614 0.3189

32.5833 1.6293

4.4197 0.2218

35.4917 1.7748

11.0014 0.5522

21.0840 1.0544

201.1258 10.0565

3.7057 0.1865
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Table 1 (continuation). 238U and 234Th radionuclide disequilibria in seawater during April 2004

NISKIN NITEX
Salinity 234Th 234Th dpm

depth exected net dpm at net at net error
Station depth U238 error +/- collection error +/- collection +/-
Name (dpm/m 3) dpm/m 3  (dpm/m3) dpm/m3  234Th/2 38U (dpm/m 3) dpm/m 3

OCB 6 2072 21 662 38 0.32 2.5928 0.1298
12 2093 21 691 40 0.33 13.5807 0.6792
24 2134 21 747 43 0.35 35.5566 1.7779
36 2145 21 904 52 0.42

IPB

EPB

JB

GB

0
19
21
0

21
21
21
21
22
22
22
22
0

21
21
21
21
22
22
22
23
0

22
22
22
22
22
22
22

7.4383 0.3728
10.8626 0.4652

18.2691 0.9136

6.4472 0.3228

46.4811 2.3242

0.5395 0.0272

15.3900 0.5788

12.4286 0.6276

3
6

6
13
27
35
63
93
120
160

6
20
40
60
80
120
145
200

6
13
20
35
60
100
140

6
20
30
60
85
120
140
180

1857
2055

2139
2139
2139
2139
2178
2200
2210
2214

2119
2119
2129
2143
2155
2192
2215
2262

2186
2193
2196
2201
2208
2216
2219

2170
2181
2188
2197
2200
2211
2216
2225

GSC

165
591

1915
1937
2066
1969
2078
2193
2199
1627

2201
2049
1829
2243
2023
780

2387
1615

1616
594
1407
1361
1408
1564
1009

1846
2003
1797
1867
1832
1816
1999
1504

7
26

105
107
114
108
114
121
121
90

132
123
110
135
121
49
48
32

56
26
50
49
51
77
64

81
88
79
82
99
98
108
70

0.09
0.29

0.90
0.91
0.97
0.92
0.95
1.00
0.99
0.73

1.04
0.97
0.86
1.05
0.94
0.36
1.08
0.71

0.74
0.27
0.64
0.62
0.64
0.71
0.45

0.85
0.92
0.82
0.85
0.83
0.82
0.90
0.68

42.3551 2.1178
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Table 2. 238U and 234Th radionuclide disequilibria in seawater during April 2004

NISKIN NITEX
Salinity 4•4Th 234Th

depth expected net dpm at net dpm at net
Station U error +/- collection error +/- collection error +/-
Name (dpm/m3) dpm/m 3 (dpm/m 3) dpm/m 3 234Th/238U (dpm/m 3) dpm/m 3

GSC 5 2107 21 1166.27 11.84 0.55 2.86 0.14

GB

9.9
15
19
32
57
79
97
122
141

4
9
17
46
77
98
121
146

5
15

29.8
44
79
112
147
196

4.6
9.5
24
49
78
98
147

1.4
2.5
5.4
8.6

EPB

IPB

2109
2131
2147
2159
2169
2174
2173
2191
2202

21
21
21
22
22
22
22
22
22

2130
2137
2137
2163
2201
2207
2251
2273

2140
2144
2166
2184
2218
2236
2242
2262

2128
2141
2168
2177
2196
2186
2199

1969
2030
2063
2055

1171.13
1400.17
1741.40
1715.14
1746.18
2456.66
1856.48
2260.41
2475.70

1868.36
1557.55
1677.15
2226.79
283.99

2147.42
1969.27
1749.22

1990.91
545.51
2193.12
2245.21
2031.74
1361.18
2267.58
1840.49

1002.77
1118.08
1737.09
1605.36
1740.67
1569.43
2112.27

25.75
372.54
451.25
408.50

12.38
13.51
16.67
14.60
16.72
23.52
17.38
21.16
23.17

17.49
16.57
15.66
21.32
2.73

20.56
18.85
16.75

18.91
5.00
18.66
19.11
20.75
13.90
23.16
18.80

7.92
9.28
14.42
12.30
13.70
11.02
21.57

0.24
3.58
4.31
3.76

0.56
0.66
0.81
0.79
0.81
1.13
0.85
1.03
1.12

0.88
0.73
0.78
1.03
0.13
0.97
0.88
0.77

0.93
0.25
1.01
1.03
0.92
0.61
1.01
0.81

0.47
0.52
0.80
0.74
0.79
0.72
0.96

0.01
0.18
0.22
0.20

0.60

3.49

1.13

1.54

0.28

0.89

1.38

1.01

1.22

0.03

0.17

0.06

0.08

0.01

0.04

0.07

0.05

0.06
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Table 2 (continuation). 238U and 234Th radionuclide disequilibria in seawater during April 2004

NISKIN NITEX
Salinity 2z4Th ?-4Th

expected net dpm at net dpm at net
Station depth error +/- collection error +/- collection error +/-
Name (dpm/m 3) dpm/m 3  (dpm/m3) dpm/m 3 234Th/238U (dpm/m 3) dpm/m 3

CB 1.8 2079 21 837.89 7.07 0.40 1.31 0.07

WB

MER

MWRA

CCB

4
9.4
18.8
29

4.5
9.8
24
49
78
107
155
207

1.8
5.5

11.8
19.6
24

1.8
5.7
12

19.6

5.8
11.8
19.5
25.4

2109
2118
2127
2134

21
21
21
21

2084
2111
2154
2165
2176
2185
2207
2230

2086
2098
2112
2126
2127

2089
2105
2117
2121

2106
2121
2130
2129

855.64
825.66
895.87
835.06

892
1347
1591
1758
1988
2241
2246
1994

795
913
821
907
1029

1385
1290
1190
1419

1043
1145
1577
773

5.13
6.76
7.06
6.58

0.41
0.39
0.42
0.39

0.43
0.64
0.74
0.81
0.91
1.03
1.02
0.89

0.38
0.44
0.39
0.43
0.48

0.66
0.61
0.56
0.67

0.50
0.54
0.74
0.36

1.53

0.71

1.05

1.68

1.21

1.73

0.40

1.11

5.93

0.08

0.04

0.05

0.08

0.06

0.09

0.02

0.06

0.30
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APPENDIX III

SEDIMENT CRS MODEL CALCULATIONS AND 21°pb, 214Pb, AND 137Cs DATA
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Constant rate of supply (CRS) model and calculations.

The constant rate of supply model (CRS; Appleby and Oldfield, 1978; Appleby, 2001) assumes

that the rate of deposition of unsupported 210pb from the atmosphere is constant, but that

sedimentation rates and compaction change throughout the sediment core.

The activity of excess/unsupported 210Pb (21 Pbexc) in sediment deposits at a given depth

(C(x); dpm/g) decays with time t according to its natural radioactive decay

Clt) = CO ) -exp -At (1)

where C(o) is the 2 10 Pbexc activity at the sediment-water interface (dpm/g) and X is the decay

constant of 210Pb (0.03114 1/yr). After decay, the remaining 210Pbexc in the sediment record from

past inputs at time r, after a small interval time dr, can be expressed in terms of the 210Pb rate of

supply (P),

Pe--' dr. (2)

Assuming P to be constant, the amount of 210Pb present in the sediment at an age t or greater, can

then be expressed as

A = PeA"'dzr- P -t (3)

where A(o) = P/X is the total 210Pbexc inventory when equation (2) is integrated from t = 0 to oo,

and the residual 210Pbexc in sediments below a depth x can then be calculated as

AW = A o) e ' . (4)

A(x) and A(o) at each sediment layer can be calculated by integrating the 210Pbexc sediment

concentration below a depth (x) and the whole depth profile, respectively,

A = C(,) dx, AMo, = oC(x)dx. (5)
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Equation (5) can be estimated by numerical integration by multiplying the concentration of

210Pbexc (C(x)) by the dry mass (m(x); g/cm 2) at that given depth (x).

A = C(X) m(X), A(o) = C(x) -m(x> . (6)
x 0

Where m(x) can be estimated as the dry bulk density (DBD, g/cm 3) times the thickness of the

sediment layer (T(x))

DBD(X) = (1- O(x)) Psed(x) (7)

m(X) = DBD(x) .T(x), (8)

and p(x) and O(x) are the density and porosity at a given depth.

The age of the sediment at a given depth (x) can then be calculated by rearranging

equation (4),

=t In ,A )  (9)

Since sediments below the sediment-water interface, will be of age t = m/r, where r is the dry

mass sedimentation rate (g/cm2 yr), equation (1) can then be expressed as

m-A-
C(X) = C(O) • exp r (10)

where C(o) = PIr, and equation (10) can then be written as

P -t
r = -exp . (11)

C(x)

Calculating P from substituting (4) and (9) into (11), we can then estimate r (g/cm2 yr)

AA(x)
r - ( (10)

C(x)

Sedimentation rate in cmlyr would then be r/DBD.
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Table 1. Massachusetts Water Resources Authority (MWRA) sediment CRS model.

Midpoint depth
cm

0.25 0-0.
0.75 0.5-1.
1.25 1.0-1.
1.75 1.5-2.
2.25 2-2.
2.75 2.5-3.
3.25 3.0-3.
3.75 3.5-4.
4.25 4.0-4.
4.75 4.5-5.
5.25 5.0-5.
5.75 5.5-6.
6.25 6.0-6.
6.75 6.5-7.
7.25 7.0-7.
7.75 7.5-8.
8.25 8.0-8.
8.75 8.5-9.
9.25 9.0-9.

10 9.5-1C
11 10.5-1
12 11.5-1
13 12.5-1
14 13.5-1
15 14.5-1
16 15.5-1
17 16.5-1

aData points interpolated due to
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Model
Date

5
.0
.5
.0
.5
.0
.5
.0
.5
.0
.5
.0
.5
.0
.5
.0
.5
.05
.5
3.5
1.5
2.5
3.5
4.5
5.5
6.5
7.5

Psed
(g/cm 3)

1.67
0.52
1.27
2.43
2.18
2.10
1.52
1.86
1.93
1.92
1.76
1.99
1.74
2.47
2.46
2.71
2.54
2.54
1.94
2.25
2.47
1.90
2.34
2.45
2.26
2.26
2.14

Porosity DBD
g/cm

3

0.81 0.31
0.76 0.12
0.75 0.32
0.79 0.51
0.77 0.51
0.71 0.61
0.61 0.58
0.64 0.66
0.65 0.68
0.65 0.68
0.62 0.66
0.64 0.72
0.60 0.69
0.68 0.79
0.65 0.87
0.67 0.91
0.55 1.13
0.55 1.13
0.52 0.94
0.49 1.16
0.48 1.29
0.43 1.08
0.46 1.26
0.48 1.27
0.40 1.35
0.40 1.35
0.40 1.27

uncertainties in actual

m
g/cm

2

0.08
0.06
0.16
0.25
0.25
0.31
0.29
0.33
0.34
0.34
0.33
0.36
0.34
0.40
0.43
0.45
0.57
0.57
0.47
0.87
1.29
1.08
1.26
1.27
1.35
1.35
1.27

data points.

210Pbex
c

dpm/g
8.46
7.69
6.45
5.79
8.16
7.33
7.72
6.82
4.77
4.95
4.26
4.16
5.13
4.39
4.16
4.06
3.42
2.44
3.53
3.37
2.21a
1.93 a
1.19
0.67
1.34

1.12a
0.24

See Table 2.

210Pbexc
Inventory
dpm/cm 2

44.62
43.96
43.49
42.46
41.00
38.93
36.68
34.43
32.16
30.55
28.88
27.47
25.97
24.21
22.47
20.66
18.81
16.87
15.49
13.83
10.91
8.07
5.98
4.47
3.62
1.81
0.31

CRS
(cm/yr)
0.53
1.45
0.66
0.45
0.31
0.27
0.25
0.24
0.31
0.28
0.32
0.29
0.23
0.22
0.19
0.17
0.15
0.19
0.15
0.11
0.12
0.12
0.12
0.16
0.06
0.04
0.03

t
yr

0.00
0.48
0.82
1.59
2.72
4.38
6.29
8.33
10.52
12.17
13.97
15.58
17.38
19.64
22.04
24.73
27.74
31.23
33.99
37.61
45.22
54.92
64.55
73.87
80.62
102.85
159.87

2004
2004
2003
2002
2001
2000
1998
1996
1993
1992
1990
1988
1987
1984
1982
1979
1976
1973
1970
1966
1959
1949
1939
1930
1923
1901
1844



Table 2. Massachusetts Water Resources Authority (MWRA) sediment 210pb and 2 14Pb.

210pb Lead-210 214Pb Lead-214
Excess only (already subtracted supported)

avg avg
counts/min dpm/g depth min max counts/min dpm/g depth min max

0.11
0.11
0.10
0.10
0.11
0.22
0.20
0.19
0.15
0.16
0.15
0.15
0.16
0.14
0.15
0.14
0.13
0.10
0.14
0.14
0.07
0.08
0.09
0.08
0.09
0.13
0.06
0.07
0.07

8.5
7.7
6.4
5.8
8.2
7.3
7.7
6.8
4.8
4.9
4.3
4.2
5.1
4.4
4.2
4.1
3.4
2.4
3.5
3.4
2.2
1.9
1.2
0.7
1.3
1.1
0.2
0.4
0.6

0.25
0.75
1.25
1.75
2.25
2.75
3.25
3.75
4.25
4.75
5.25
5.75
6.25
6.75
7.25
7.75
8.25
8.75
9.25
10.00
11.00
12.00
13.00
14.00
15.00
16.00
17.00

18
19

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.5
11.5
12.5
13.5
14.5
15.5
16.5
17.5
18.5

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.5
11.5
12.5
13.5
14.5
15.5
16.5
17.5
18.5
19.5

0.09
0.10
0.10
0.13
0.10
0.17
0.08
0.09
0.15
0.16
0.17
0.18
0.14
0.12
0.17
0.15
0.16
0.16
0.20
0.22
0.22
0.21
0.22
0.22
0.19
0.21
0.20
0.20
0.20

1.7
2.2
2.1
2.8
2.1
1.9
0.8
0.9
1.6
1.8
1.8
2.1
1.5
1.3
1.9
1.7
1.8
1.7
2.3
2.5
2.5
2.4
2.5
2.5
2.1
2.4
2.2
2.2
2.2

0.25
0.75
1.25
1.75
2.25
2.75
3.25
3.75
4.25
4.75
5.25
5.75
6.25
6.75
7.25
7.75
8.25
8.75
9.25

10.00
11.00
12.00
13.00
14.00
15.00
16.00
17.00

18
19

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.5
11.5
12.5
13.5
14.5
15.5
16.5
17.5
18.5

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.5
11.5
12.5
13.5
14.5
15.5
16.5
17.5
18.5
19.5
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Table 3. Massachusetts Water Resources Authority (MWRA) sediment 137C.

137Cs Cesium-137

counts/min/g cpm/g (x10 3) avg depth min max

-4.53E-04
8.85E-04
-6.07E-04
4.40E-04
-8.71 E-05
1.16E-05
-6.85E-05
2.47E-04
1.55E-03
-6.40E-04
-4.59E-05
-1.38E-05
3.11E-05
0.OOE+00
1.03E-03
1.41 E-04
-6.40E-05
-1.04E-04
-1.03E-04
1.74E-03
-4.13E-04
-9.55E-04
-1.17E-04
-2.40E-05
-8.25E-04
-6.00E-05
1.60E-05
3.45E-05
-5.88E-04

0.25
0.75
1.25
1.75
2.25
2.75
3.25
3.75
4.25
4.75
5.25
5.75
6.25
6.75
7.25
7.75
8.25
8.75
9.25
10.00
11.00
12.00
13.00
14.00
15.00
16.00
17.00

18
19

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.5
11.5
12.5
13.5
14.5
15.5
16.5
17.5
18.5

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.5
11.5
12.5
13.5
14.5
15.5
16.5
17.5
18.5
19.5
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Table 4. Wilkinson Basin (WB) sediment CRS model.

Midpoint Model
depth psed Porosity DBD m 210Pbexc 210Pbexclnvent CRS t Date

cm (g/cm 3) g/cm 3  g/cm 2  dpm/g dpm/cm2  (cm/yr) yr
0.25 0.96 0.83 0.16 0.04 9.2 32.77 0.68 13.86 2004
0.75 1.67 0.85 0.26 0.13 10.0 32.39 0.39 14.22 1990
1.25 1.46 0.84 0.23 0.12 8.8 31.10 0.48 15.54 1988
1.75 0.76 0.70 0.23 0.12 10.3 30.08 0.39 16.60 1987
2.50 2.36 0.86 0.34 0.26 6.8 28.89 0.39 17.90 1986
3.50 1.48 0.82 0.27 0.27 8.7 27.15 0.36 19.89 1984
4.50 1.76 0.82 0.32 0.32 7.6 24.81 0.31 22.78 1981
5.50 1.97 0.81 0.37 0.37 6.2 22.35 0.30 26.14 1978
7.00 2.93 0.87 0.38 0.58 7.3 20.06 0.22 29.61 1974
9.00 2.77 0.84 0.45 0.90 5.6 15.83 0.19 37.22 1967

12.00 2.36 0.82 0.43 1.30 3.9 10.73 0.20 49.71 1954
16.00 2.64 0.80 0.53 2.11 1.3 5.72 0.26 69.88 1934
20.00 2.96 0.82 0.52 2.08 1.1 2.99 0.16 90.70 1913
26.00 1.60 0.71 0.46 2.75 0.3 0.69 0.19 137.86 1866
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Table 5. Wilkinson Basin (WB) sediment 210Pb and 214Pb.

210Pb Lead-210 214Pb Lead-214
Excess only (already subtracted supported)

avg avg
counts/min dpm/g depth min max counts/min dpm/g depth min max

0.28 9.2 0.25 0 0.5 0.16 1.6 0.25 0 0.5
0.29 10.0 0.75 0.5 1 0.13 1.2 0.75 0.5 1
0.28 8.8 1.25 1.0 1.5 0.16 1.8 1.25 1.0 1.5
0.30 10.3 1.75 1.5 2.0 0.14 1.3 1.75 1.5 2.0
0.22 6.8 2.50 2.0 3.0 0.16 1.7 2.50 2.0 3.0
0.26 8.7 3.50 3.0 4.0 0.13 1.2 3.50 3.0 4.0
0.24 7.6 4.50 4.0 5.0 0.15 1.5 4.50 4.0 5.0
0.22 6.2 5.50 5.0 6.0 0.17 1.9 5.50 5.0 6.0
0.24 7.3 7.00 6.0 8.0 0.16 1.8 7.00 6.0 8.0
0.19 5.6 9.00 8.0 10.0 0.15 1.5 9.00 8.0 10.0
0.15 3.9 12.00 10.0 14.0 0.15 1.5 12.00 10.0 14.0
0.10 1.3 16.00 14.0 18.0 0.16 1.8 16.00 14.0 18.0
0.08 1.1 20.00 18.0 22.0 0.14 1.3 20.00 18.0 22.0
0.07 0.3 26.00 22.0 30.0 0.16 1.7 26.00 22.0 30.0
0.05 -1.0 34.00 30.0 38.0 0.17 2.0 34.00 30.0 38.0
0.04 -1.0 42.50 38.0 47.0 0.16 1.8 42.50 38.0 47.0
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Table 6. Wilkinson Basin (WB) sediment 137C

137Cs Cesium-1 37

avg
counts/min/g cpm/g (x103) depth min max

-3.69E-04 0.00 0.25 0 0.5
2.01 E-03 0.00 0.75 0.5 1
8.98E-04 0.90 1.25 1.0 1.5
1.98E-03 1.98 1.75 1.5 2.0
4.38E-03 4.38 2.50 2.0 3.0
2.60E-03 2.60 3.50 3.0 4.0
2.50E-03 2.50 4.50 4.0 5.0
1.80E-03 1.80 5.50 5.0 6.0
2.56E-03 2.56 7.00 6.0 8.0
3.18E-04 0.32 9.00 8.0 10.0
5.45E-04 0.55 12.00 10.0 14.0
8.41 E-04 0.00 16.00 14.0 18.0
1.73E-03 0.00 20.00 18.0 22.0
3.20E-04 0.00 26.00 22.0 30.0
8.55E-04 0.00 34.00 30.0 38.0
1.52E-04 0.00 42.50 38.0 47.0
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Table 7. Jordan Basin (JB) sediment CRS calculation

Model
Midpoint depth Psed Porosity DBD m 210Pbexc 210Pbexclnvent CRS t Date
cm (g/cm3) g/cm 3  g/cm 2  dpm/g dpm/cm 2  (cm/y) yr

0.25 0-0.5 2.05 0.87 0.26 0.07 14.08 93.87 0.79 0.00 2004
0.75 0.5-1.0 1.96 0.86 0.27 0.13 14.28 92.94 0.76 0.32 2004
1.25 1.0-1.5 2.67 0.88 0.32 0.16 12.48 91.05 0.72 0.98 2003
1.75 1.5-2.0 3.56 0.90 0.34 0.17 14.60 89.08 0.56 1.68 2002
2.50 2-3 3.17 0.91 0.29 0.22 13.38 86.60 0.69 2.59 2001
3.50 3-4 2.32 0.87 0.29 0.29 11.26 83.69 0.79 3.69 2000
4.50 4-5 2.09 0.84 0.33 0.33 10.01 80.38 0.76 4.98 1999
5.50 5-6 2.74 0.87 0.36 0.36 9.15 77.09 0.72 6.32 1998
7.00 6-8 2.53 0.87 0.33 0.50 8.63 73.76 0.81 7.74 1996
9.00 8-10 3.21 0.89 0.37 0.73 7.55 69.48 0.78 9.66 1994
12.00 10-14 2.16 0.82 0.39 1.17 7.25 63.95 0.70 12.32 1992
16.00 14-18 2.78 0.84 0.45 1.81 6.74 55.48 0.57 16.89 1987
20.00 18-22 3.23 0.85 0.49 1.97 6.40 43.26 0.43 24.88 1979
26.00 22-30 2.47 0.82 0.45 2.71 5.11 30.66 0.41 35.93 1968
34.00 30-38 2.28 0.81 0.44 3.54 1.87 16.84 0.63 55.18 1949
42.00 38-46 2.44 0.81 0.46 3.72 1.83 10.22 0.37 71.20 1933
50.00 46-54 2.65 0.81 0.50 4.01 0.73 3.42 0.29 106.39 1898
55.00 54-56 3.12 0.84 0.50 2.52 0.19 0.49 0.16 169.03 1835
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Table 8. Jordan Basin (JB) sediment 210Pb and 2 14 Pb

210Pb Lead-210 214Pb Lead-214
Excess only (already subtracted supported)

avg avg
counts/min dpm/g depth min max counts/min dpm/g depth min max

0.18 14.1 0.07 0.0 0.5 0.08 0.5 0.07 0.0 0.5
0.19 14.3 0.20 0.5 1.0 0.11 1.2 0.20 0.5 1.0
0.17 12.5 0.36 1.0 1.5 0.12 1.5 0.36 1.0 1.5
0.19 14.6 0.53 1.5 2.0 0.09 0.9 0.53 1.5 2.0
0.72 13.4 0.74 2.0 3.0 0.27 1.2 0.74 2.0 3.0
0.63 11.3 1.04 3.0 4.0 0.29 1.3 1.04 3.0 4.0
0.55 10.0 1.37 4.0 5.0 0.24 1.1 1.37 4.0 5.0
0.52 9.2 1.73 5.0 6.0 0.26 1.2 1.73 5.0 6.0
0.50 8.6 2.23 6.0 8.0 0.28 1.3 2.23 6.0 8.0
0.45 7.5 2.96 8.0 10 0.29 1.3 2.96 8.0 10
0.42 7.2 4.13 10 14 0.25 1.1 4.13 10 14
0.41 6.7 5.94 14 18 0.29 1.4 5.94 14 18
0.40 6.4 7.91 18 22 0.27 1.2 7.91 18 22
0.33 5.1 10.61 22 30 0.27 1.2 10.61 22 30
0.17 1.87 14.15 30 38 0.26 1.1 14.15 30 38
0.17 1.8 17.87 38 46 0.26 1.2 17.87 38 46
0.12 0.7 21.88 46 54 0.27 1.2 21.88 46 54
0.10 0.2 24.40 54 56 0.30 1.4 24.40 54 56
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Table 9. Jordan Basin (JB) sediment 137Cs.

137Cs Cesium-137

cpm/ avg grams
counts/min/g (xl 0) depth min max Sed.

1.94E-03 1.94 0.25 0 0.5 2.0
4.19E-04 0.42 0.75 0.5 1.0 2.0
1.45E-03 1.45 1.25 1.0 1.5 2.0

-1.06E-03 0.00 1.75 1.5 2.0 2.0
1.53E-03 1.53 2.5 2.0 3.0 10.0
1.17E-03 1.17 3.5 3.0 4.0 10.0
9.48E-04 0.95 4.5 4.0 5.0 10.0
2.45E-03 2.45 5.5 5.0 6.0 10.0
7.89E-04 0.79 7.0 6.0 8.0 10.0
8.05E-04 0.81 9.0 8.0 10 10.0
3.79E-04 0.38 12 10 14 10.0
9.21E-04 0.92 16 14 18 10.0
6.75E-04 0.67 20 18 22 10.0
1.23E-03 1.23 26 22 30 10.0
1.28E-04 0.13 34 30 38 10.0

-1.05E-04 0.00 42 38 46 10.0
-3.02E-04 0.00 50 46 54 10.0
-5.53E-04 0.00 55 54 56 10.0
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Table 10. Cape Cod Bay (CCB) sediment CRS calculation.

2lUPbexc Model
Midpoint depth Psed Porosity DBD m 210Pbexc Inventory CRS t Date

cm (g/cm 3) g/cm 3  g/cm 2  dpm/g dpm/cm 2  (cm/y) yr
0.25 1.60 0.82 0.29 0.07 3.51 25.67 0.78 0.00 2004
0.75 2.84 0.86 0.40 0.30 3.21 25.42 0.62 0.32 2004
1.25 1.25 0.71 0.36 0.18 2.98 24.46 0.70 1.56 2002
1.75 2.48 0.81 0.47 0.23 2.78 23.92 0.57 2.28 2002
2.5 1.78 0.79 0.38 0.29 2.79 23.27 0.68 3.16 2001
3.5 1.77 0.76 0.43 0.43 2.61 22.47 0.63 4.28 2000
4.5 2.94 0.85 0.45 0.45 2.75 21.36 0.54 5.91 1998
5.5 2.39 0.42 1.38 1.38 3.21 20.13 0.14 7.82 1996
7 2.31 0.83 0.40 0.61 3.81 15.70 0.32 15.80 1988
9 2.92 0.83 0.49 0.97 2.09 13.39 0.41 20.90 1983
12 2.74 0.82 0.48 1.45 1.47 11.36 0.50 26.17 1978
16 2.50 0.79 0.53 2.12 1.84 9.24 0.29 32.83 1971
20 1.95 0.75 0.49 1.95 1.83 5.32 0.19 50.52 1953
26 2.49 0.77 0.58 3.47 0.50 1.75 0.19 86.26 1918
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Table 11. Cape Cod Bay (CCB) sediment 210Pb.

210Pb Lead-21 0 214Pb Lead-214
Excess only (already subtracted supported)

avg avg
counts/min dpm/g depth min max counts/min dpm/g depth min max

0.16 3.5 0.25 0 0.5 0.16 1.2 0.25 0 0.5
0.14 3.2 0.75 0.5 1 0.13 0.8 0.75 0.5 1
0.15 3.0 1.25 1.0 1.5 0.16 1.2 1.25 1.0 1.5
0.14 2.8 1.75 1.5 2.0 0.15 1.1 1.75 1.5 2.0
0.13 2.8 2.50 2.0 3.0 0.14 0.9 2.50 2.0 3.0
0.13 2.6 3.50 3.0 4.0 0.16 1.2 3.50 3.0 4.0
0.13 2.7 4.50 4.0 5.0 0.14 0.9 4.50 4.0 5.0
0.15 3.2 5.50 5.0 6.0 0.15 1.1 5.50 5.0 6.0
0.17 3.8 7.00 6.0 8.0 0.15 1.2 7.00 6.0 8.0
0.12 2.1 9.00 8.0 10.0 0.16 1.2 9.00 8.0 10.0
0.11 1.5 12.00 10.0 14.0 0.19 1.6 12.00 10.0 14.0
0.12 1.8 16.00 14.0 18.0 0.17 1.4 16.00 14.0 18.0
0.12 1.8 20.00 18.0 22.0 0.17 1.4 20.00 18.0 22.0
0.09 0.5 26.00 22.0 30.0 0.19 1.7 26.00 22.0 30.0
0.05 -0.5 33.00 30.0 36.0 0.19 1.6 33.00 30.0 36.0
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Table 12. Cape Cod Bay (CCB) sediment 137 Cs.

137Cs Cesium-1 37

avg
counts/min/g cpm/g (x10 3) depth min max

9.32E-04 0.93 0.25 0 0.5
-2.11E-03 0.00 0.75 0.5 1
-2.60E-04 0.00 1.25 1.0 1.5
-3.49E-04 0.00 1.75 1.5 2.0
-6.58E-04 0.00 2.50 2.0 3.0
1.01 E-03 1.01 3.50 3.0 4.0
-1.34E-04 0.00 4.50 4.0 5.0
-2.30E-04 0.00 5.50 5.0 6.0
2.59E-03 2.59 7.00 6.0 8.0
-4.93E-04 0.00 9.00 8.0 10.0
1.22E-05 0.01 12.00 10.0 14.0
8.02E-04 0.80 16.00 14.0 18.0
-2.36E-04 0.00 20.00 18.0 22.0
-4.79E-04 0.00 26.00 22.0 30.0
-1.37E-03 0.00 34.00 30.0 38.0
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Table 13. Inner Penobscot Bay (IPB) sediment CRS calculation.

Midpoint depth
cm
0.25 0-0.5
0.75 0.5-1.0
1.25 1.0-1.5
1.75 1.5-2.0
2.50 2-3
3.50 3-4
4.50 4-5
5.50 5-6
7.00 6-8
9.00 8-10
12.00 10-14
16.00 14-18
20.00 18-22
26.00 22-30
31.50 30-32

psed
(g/cm 3)

3.11
3.15
2.54
1.82
2.46
3.11
3.66
3.60
2.91
2.28
2.73
2.39
2.42
2.70
2.88

Porosity DBD
g/cm

3

0.91 0.28
0.89 0.34
0.87 0.34
0.80 0.36
0.86 0.34
0.86 0.42
0.87 0.47
0.85 0.53
0.83 0.49
0.78 0.50
0.79 0.58
0.74 0.63
0.72 0.67
0.74 0.70
0.76 0.70

m
g/cm

2

0.07
0.17
0.17
0.18
0.26
0.42
0.47
0.53
0.74
0.99
1.75
2.52
2.68
4.22
3.83

210Pbexc
dpm/g
4.25
4.11
3.96
3.83
3.63
3.38
3.15
2.94
2.64
2.29
1.86
1.40
1.06
0.69
0.47

2lUPbexc
Inventory
dpm/cm2

26.32
26.02
25.33
24.65
23.96
23.03
21.61
20.12
18.57
16.61
14.33
11.08
7.54
4.71
1.80

CRS
(cm/y)

0.70
0.58
0.58
0.56
0.60
0.50
0.45
0.40
0.44
0.45
0.41
0.39
0.33
0.30
0.17

t

yr
0.00
0.36
1.23
0.87
1.78
3.05
5.10
7.39
9.97
13.56
18.29
26.56
38.89
53.99
84.95

Model
Date

2004
2004
2003
2002
2001
2000
1998
1995
1993
1989
1984
1976
1964
1949
1918
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Table 14. Inner Penobscot Bay (IPB) sediment 21°Pb and 214 Pb

2 10 Pb Lead-210 214Pb Lead-214
Excess only (already subtracted supported)

avg avg
counts/min dpm/g depth min max counts/min dpm/g depth min max

0.27 3.8 1.25 1.0 1.5 0.31 1.8 1.25 1.0 1.5
0.15 3.1 1.75 1.5 2.0 0.23 2.5 1.75 1.5 2.0
0.36 3.5 2.50 2.0 3.0 0.35 1.3 2.50 2.0 3.0
0.37 3.8 3.50 3.0 4.0 0.33 1.2 3.50 3.0 4.0
0.35 3.5 4.50 4.0 5.0 0.33 1.2 4.50 4.0 5.0
0.34 3.1 5.50 5.0 6.0 0.39 1.5 5.50 5.0 6.0
0.30 2.6 7.00 6.0 8.0 0.38 1.4 7.00 6.0 8.0
0.28 2.3 9.00 8.0 10.0 0.39 1.5 9.00 8.0 10.0
0.25 1.9 12.00 10.0 14.0 0.37 1.4 12.00 10.0 14.0
0.20 1.2 16.00 14.0 18.0 0.41 1.5 16.00 14.0 18.0
0.16 0.6 20.00 18.0 22.0 0.39 1.5 20.00 18.0 22.0
0.11 -0.2 26.00 22.0 30.0 0.42 1.6 26.00 22.0 30.0
0.11 -0.3 31.50 30.0 33.0 0.44 1.6 31.50 30.0 33.0
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Table 15. Inner Penobscot Bay (IPB) sediment 137CS.

137Cs Cesium-137

cpm/g avg grams
counts/min/g (x 0") depth min max sed.

1.34E-03 1.34 1.25 1.0 1.5 2.0
-1.31E-03 0.00 1.75 1.5 2.0 2.0
2.78E-03 2.78 2.5 2.0 3.0 10.0
2.86E-03 2.86 3.5 3.0 4.0 10.0
4.00E-03 4.00 4.5 4.0 5.0 10.0
3.28E-03 3.28 5.5 5.0 6.0 10.0
2.70E-03 2.70 7.0 6.0 8.0 10.0
2.93E-03 2.93 9.0 8.0 10 10.0
2.82E-03 2.82 12 10 14 10.0
2.42E-03 2.42 16 14 18 10.0
7.47E-04 0.75 20 18 22 10.0
-5.79E-05 0.00 26 22 30 10.0
-5.20E-04 0.00 32 30 33 10.0

References

Appleby, P. G., 2001. Chronostratigraphic techniques in recent sediments. In: W. Last, Smol, J. (Editor), Tracking environmental
change using lake sediments. Kluwer Academic Publishers, Dordrecht, The Netherlands, pp. 171-203.

Appleby, P. G., Oldfield, F., 1978. The calculation of lead-2 10 dates assuming a constant rate of supply of unsupported 210Pb to the
sediment. Catena, 5: 1-8.

272



APPENDIX IV

DETAILED BATHYMETRIC DATA USED FOR MASS BALANCE CALCULATIONS

Source: Incze, L., Jakobbson, M., 2008. Hypsometric characterization of the Gulf of Maine,
Georges Bank, Scotian Shelf and neighboring continental slope.

http://www.usm.maine.edu/gulfofmaine-census/ (accessed October, 2004).
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Fig.1. Gulf of Maine study area and physiographic sub regions defined for this study.
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Table 1. Regions used for this study

60 50 40 30 20

Region Name Surface Area (kmA2)
1 Scotian Shelf 36,242.00
2 Browns Bank 1,780.30
3 Eastern Coastal Shelf 13,794.00
4 Bay of Fundy 12,518.00

Northern Coastal
5 Shelf 19,311.00

Southern Costal
6 Shelf 8,239.10
7 Great South Channel 5,202.30
8 Georges Bank 38,471.00
9 Georges Basin 4,103.70

10 Jordan Basin 6,695.80
11 Wilkinson Basin 7,075.60
12 Central Gulf of Maine 44,799.00

Total 198,231.80

Table 2. Detailed bathymetric data

Scotian Shelf (Area 1) Browns Bank (Area 2)

Sea level Volume Area Sea level Volume Area
(kmA3) (km^2) (kmA3) (kmA2)

0 357.99 36242 0 17.803 1780.3
-10 351.145 35356 -10 17.803 1780.3
-20 346.68 34873 -20 17.803 1780.3
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342.27
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253.23
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0.9735
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0.4735
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0.3935

0.358
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23496
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565

286.2

166.2

143

130.4

119.8

109.7

101.2

93.5

86.4

79.6

73

66.7

60.6

54.8

49.6

45.1

41.2

37.5

34.1

31

28.1

25.7

24.1

23

21.9

20.8

-40

-50

-60

-70

-80

-90

-100

-110

-120

-130

-140

-150

-160

-170

-180

17.613

16.798

14.465

11.92

8.893

5.591
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Eastern Coastal Shelf (Area 3) Bay of Fundy (Area 4) Northern Coastal Shelf (Area 5)

Sea Sea
level Volume Area level Volume Area Sea level Volume Area

(kmA3) (km2) (km^3) (km^ 3) (km2)

0 135.175 13794 0 118.755 12518 0 185.68 19311
-10 129.04 13241 -10 108.22 11233 -10 171.83 17825
-20 121.775 12567 -20 100.7975 10411 -20 159.295 16541
-30 114.52 11788 -30 93.0335 9748.5 -30 146.62 15318
-40 108.72 11116 -40 82.0685 8858.2 -40 133.98 14006
-50 103.0315 10628 -50 70.636 7555.5 -50 121.41 12790
-60 95.351 9978.3 -60 60.687 6571.7 -60 108.835 11492
-70 86.373 9091.9 -70 50.5915 5565.7 -70 95.6945 10275
-80 77.459 8182.7 -80 40.936 4552.6 -80 80.97 8863.9
-90 64.382 7309.1 -90 32.197 3634.6 -90 65.6585 7330.1

-100 48.154 5567.3 -100 24.6575 2804.8 -100 52.548 5801.6
-110 34.2775 4063.5 -110 19.002 2126.7 -110 41.501 4708
-120 22.6085 2792 -120 15.0665 1673.7 -120 30.7415 3592.2
-130 13.1835 1729.7 -130 11.584 1339.6 -130 20.7125 2556.1
-140 6.573 907 -140 9.0195 977.2 -140 11.4345 1586.4
-150 2.835 407.6 -150 7.5315 826.7 -150 4.8435 700.5
-160 0.9895 159.4 -160 6.082 679.6 -160 1.905 268.2
-170 0.31 38.5 -170 4.63 536.8 -170 0.734 112.8
-180 0.1625 23.5 -180 3.2435 389.2 -180 0.2075 34
-190 0.064 9 -190 1.7485 259.5 -190 0.042 7.5
-200 0.0305 3.8 -200 0.541 90.2 -200 0.005 0.9
-210 0.013 2.3 -210 0.093 18 -210 0.0005 0.1
-220 0.0015 0.3 -220 0.003 0.6 -220 0 0
-230 0 0 -230 0 0
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Southern Coastal Shelf (Area 6)
Sea
level Volume Area

(kmA3) (kmA2)

0 79.689 8239.1
-10 74.157 7698.7
-20 66.811 7132.7
-30 56.215 6229.5
-40 46.1225 5013.5
-50 38.3825 4211
-60 31.2175 3465.5
-70 24.2725 2778
-80 17.352 2076.5
-90 12.07 1393.9

-100 8.6345 1020.1
-110 5.694 706.8
-120 3.2665 432
-130 1.605 221.3
-140 0.6325 99.7
-150 0.1775 26.8
-160 0.0495 8.7
-170 0.006 1.2
-180 0 0

466.3545

Great South Channel (Area 7)
Sea
level

0
-10
-20
-30
-40
-50
-60
-70
-80
-90

-100
-110
-120
-130
-140
-150
-160
-170
-180
-190
-200
-210
-220
-230

-240
-250

-260
-270
-280
-290
-300
-310
-320
-330
-340
-350
-360
-370
-380
-390

Volume

(kmA3)

52.023
52.023
52.023

52.01
51.6555

49.659
45.3135
38.3965

30.653
23.7285

18.056
14.6155
12.3455
9.6265

5.703
2.1655

0.618
0.2295
0.112
0.055
0.026
0.015
0.013

0.0115

0.0105
0.0095
0.0085
0.0075
0.0065
0.0055
0.0045
0.0035

0.003
0.0025

0.002
0.0015

0.001
0.001

0.0005
0

Area
(kmA2)

5202.3
5202.3
5202.3
5202.3
5199.7
5131.4
4800.4
4262.3

3417
2713.6
2032.1
1579.1

1344
1125.1
800.2
340.4

92.7
30.9

15
7.4
3.6
1.6
1.4
1.2

1.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.3
0.2
0.2
0.1
0.1
0.1

0

Georges Bank (Area 8)
Sea
level

0
-10
-20
-30
-40
-50
-60
-70
-80
-90

-100
-110
-120
-130
-140
-150
-160
-170
-180
-190
-200
-210
-220
-230

-240

Volume

(kmA3)
384.71

384.3
380.375

361.32
322.975

275.28
220.06
165.04

118.2865
75.3635
46.6505

33.815
25.415

19.0635
13.1985

8.3655
5.2765
3.232

1.7605
0.8285
0.3285

0.089
0.019
0.003

0
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Area
(kmA2)

38471
38471
38389
37686
34578
30017
25039
18973
14035

9622.3
5450.4
3879.7
2883.3
2199.7

1613
1026.7

646.4
408.9
237.5
114.6

51.1
14.6

3.2
0.6

0



Georges Basin (Area 9) Jordan Basin (Area 10 Wilkinson Basin (Area 11)

Sea level Volume Area Sea level Volume Area Sea level Volume Area
(km^3) (kmA2) (kmA3) (kmA2) (kmA3) (km^2)

0 41.037 4103.7 0 66.958 6695.8 0 70.756 7075.6
-10 41.037 4103.7 -10 66.958 6695.8 -10 70.756 7075.6
-20 41.037 4103.7 -20 66.958 6695.8 -20 70.756 7075.6
-30 41.037 4103.7 -30 66.958 6695.8 -30 70.756 7075.6
-40 41.037 4103.7 -40 66.958 6695.8 -40 70.756 7075.6
-50 41.037 4103.7 -50 66.958 6695.8 -50 70.756 7075.6
-60 41.037 4103.7 -60 66.958 6695.8 -60 70.756 7075.6
-70 41.037 4103.7 -70 66.958 6695.8 -70 70.756 7075.6
-80 41.037 4103.7 -80 66.958 6695.8 -80 70.756 7075.6
-90 41.037 4103.7 -90 66.958 6695.8 -90 70.756 7075.6

-100 41.037 4103.7 -100 66.958 6695.8 -100 70.756 7075.6
-110 41.037 4103.7 -110 66.958 6695.8 -110 70.756 7075.6
-120 41.037 4103.7 -120 66.958 6695.8 -120 70.756 7075.6
-130 41.037 4103.7 -130 66.958 6695.8 -130 70.756 7075.6
-140 41.037 4103.7 -140 66.958 6695.8 -140 70.756 7075.6
-150 41.037 4103.7 -150 66.958 6695.8 -150 70.754 7075.6
-160 41.037 4103.7 -160 66.9505 6695.8 -160 70.7375 7075.2
-170 41.037 4103.7 -170 66.8575 6694.3 -170 70.689 7072.3
-180 41.037 4103.7 -180 66.3875 6677.2 -180 70.5255 7065.5
-190 41.037 4103.7 -190 64.7285 6600.3 -190 69.52 7039.6
-200 41.037 4103.7 -200 57.2765 6345.4 -200 62.285 6864.4
-210 41.037 4103.7 -210 44.175 5109.9 -210 48.673 5592.6
-220 41.037 4103.7 -220 29.5735 3725.1 -220 36.078 4142
-230 41.031 4103.7 -230 15.98 2189.6 -230 26.05 3073.6

-240 40.788 4102.5 -240 6.8875 1006.4 -240 17.388 2136.4
-250 38.6525 4055.1 -250 2.5385 371.1 -250 10.246 1341.2
-260 34.641 3675.4 -260 0.9355 136.6 -260 5.331 708
-270 30.0725 3252.8 -270 0.316 50.5 -270 2.479 358.2
-280 25.366 2761.7 -280 0.0885 12.7 -280 0.8075 137.6
-290 21.039 2311.5 -290 0.0285 5 -290 -0.1 23.9
-300 16.9655 1896.3 -300 0.0035 0.7
-310 13.0935 1496.8 -310 0 0
-320 9.488 1121.9
-330 5.9865 775.7

-340 2.6995 421.6
-350 0.633 118.3
-360 0.0415 8.3

-370 0 0
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Central Gulf of Maine (Area 12)

Sea level Volume Area
(kmA3) (kmA2)

0 447.835 44799
-10 447.505 44768
-20 447.155 44733
-30 446.79 44698
-40 446.4 44660
-50 445.94 44620
-60 445.135 44568
-70 443.655 44459
-80 441.71 44272
-90 439.51 44070

-100 436.48 43832
-110 431.855 43464
-120 425.905 42907
-130 416.525 42274
-140 401.315 41031
-150 374.76 39232
-160 331.575 35720
-170 271.96 30595
-180 203.615 23797
-190 141.21 16926
-200 93.121 11316
-210 60.933 7308.2
-220 40.21 4878.4
-230 24.2955 3163.6

-240 11.959 1695.5
-250 4.866 696.3
-260 2.1295 276.9
-270 1.192 149
-280 0.719 89.4
-290 0.4185 54.4
-300 0.2225 29.3
-310 0.1125 15.2
-320 0.053 7.3
-330 0.02 3.3
-340 0.0035 0.7
-350 0 0
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APPENDIX V

ENERGY CONVERSION FACTORS USED FOR BLACK CARBON EMISSION
ESTIMATES
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Table 1. Energy conversion factors used for black carbon emission estimates.

kilowatt-hour c
cubic foot of n
therm natural
gallon of lique
gallon of crud
barrel of crude
gallon of keros
gallon od mid'
gallon of resid
gallon of gaso
gallon of ethar
gallon of meth
gallon of gaso
pound of coal
ton of coal
ton of coke
ton of wood
standard cord
face cord of w
pound of low

Average Energy Content of Various Fuels
Fuel Average

)f electricity 3,413 Btu
atural gas 5,521 Btu
gas 100,000 Btu
fied petroleum gas (LPG) 95,475 Btu
e oil 138,095 Btu
oil 5,800,000 Btu

sene or light distillate oil 135,000 Btu
dle distillate or diesel fuel oil 138,690 Btu
ual fuel oil 149,690 Btu
line 125,000 Btu
nol 84,400 Btu
anol 62,800 Btu
hol 120,900 Btu

10,550 Btu
21,100,000 Btu
26,000,000 Btu
13,000,000 Btu

of wood 21,000,000 Btu
ood 14,000,000 Btu
pressure steam 1,000 Btu

barrel lubricant
barrel motor gasoline
barrel aviation gasoline
barrel jet fuel kerosene type
barrel jet fuel naphtha type

6,065,000,000
5,253,000,000
5,048,000,000
5,670,000,000
5,355,000,000

Aviation fuel density

Jet Fuel
72

0.775-C

80C

Btu
Btu
Btu
Btu
Btu

lb/US
6.02 gallon

kg/US
2.73 gallon

_1.36 kg/m 3

).840 kg/L
0.81 kg/L
3.06 kg/gallon

)7.50 kg/m3
Motor gasoline 737.22 kg/mi
Diesel 850.00 kg/m3
Kerosene 810.00 kg/m3
Ethanol 789.00 kg/m 3

Residual oil 940.00 kg/m 3

Lubricant 945.75 kg.m 3

Source: http://www.eia.doe.gov/emeu/states/sep_use/notes/useb.pdf
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APPENDIX VI

BLACK CARBON EMISSION CONVERSION FACTORS

Source: Bond et al. (2004)
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Table 1. Black carbon (BC) emission conversion factors (EFBc).

Fuel Technology EFPM g/kg Fi.o FBC
0.86 0.05.

BioTuel
Biofuel

stoker
traditional

Briquettes

Brown coal
Brown coal
Brown coal

Hard coal
Hard coal
Hard coal
Hard coal

Coking coal
Coking coal
Coke
Heavy fuel oil (Residual fuel oil)
Middle dist oil
Middle dist oil
Mid/light dist
Kerosene Residentila
LPG Residential
Natural Gas all

Solid Waste
Solid Waste

Aviation fuel
Diesel, on road genera
Diesel, on road genera
Diesel, superemitter
Diesel, farm vehicles
Diesel, nonfarm off-road vehicles
Diesel and heavy oil, ships
Diesel, railroad
Gasoline, all vehicles
Gasoline, all vehicles
Gasoline super emitter
Gasoline, two stroke
Gasoline, two stroke

stoker

cyclone
pulverized
stoker

cyclone
pulverized
stoker
traditional brick kiln

coke oven
coke oven (uncaptured)
blast furnace
all
industry/power
generator
external combustion
residential
residential
all

all
open burning

Conditions
all
standards in place
standards beginning
all
all
all
all
all
standard in place
standards beginning
-

standard
high-emission practice

Sector EFBc
Animal wastes Residential 0.53
Charcoal Residential 1.0
Agricultural residues Residential 1.0
Wood Power 0.044

Industry 0.08-0.55
Residential 0.3-1.4

Biomass burning Savanna 0.48
Crop Residues 0.69
Forest 0.56-0.61

EFBC = EFPM*Fo.0*FBc. Source: Tables 5, 7, and 9 from Bond, T.I., Streets, D.G., Yarber, K.F., Nelson, S.M.,
Woo, J., Klimont, Z., 2004. A technology-based global inventory of black and organic carbon emissions
from combustion. J. Geophys. Res. 109, D14203.
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0.86
0.85

0.25

0.17
0.09
0.11

0.15
0.09
0.33
0.9

0.35
0.5
0.28
0.45
0.18
0.86
0.9
1
1
1

2.5

1.3
12
4.2
10

5.8
20
0.4
1.1

0.49
6

0.25
0.9

0.52
0.002

12.6
30

0.14
1.5
3.5
12
4

5.5
1.8
2.7
0.15
0.5
2
15
30

0.05
0.1

0.01

0.006
0.006
0.05

0.006
0.006
0.2
0.5

0.48
0.48
0.28
0.08
0.3

0.66
0.29
0.13
0.13
0.06

0.035
0.37

0.7
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.34
0.34
0.34
0.05
0.05

0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.85
0.85
0.85
0.95
0.95
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INNER FILTER EFFECT CORRECTION FOR FLUORESCENCE MEASUREMENTS OF
MELANOIDIN AND DISSOLVED ORGANIC MATTER (DOM)
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Inner filter effect corrections for fluorescence measurements in solutions containing

melanoidin and dissolved organic matter (DOM)

The inner filter effects in fluorescence measurements of pyrene for aqueous solutions containing

melanoidin and dissolved organic matter (DOM) at the concentrations used in chapter 4 of this

thesis (212 and 131 mg/L, respectively), were assessed. The absorbance of these solutions at

excitation (Xexc: 337 nm) and emission (Xem: 387 nm) wavelengths was determined using a

Beckman DU600 spectrophotometer. Due to the presence of other flourophores in these aqueous

solutions, pyrene fluorescence measurements in aqueous solutions containing melanoidin and

DOM were made using time-gated, laser-induced fluorescence (TGLIF) spectroscopy (Kuo et

al., 2007; Rudnick, 1998; Rudnick and Chen, 1998). To correct for the absorbance of

melanoidin and DOM considering the illumination geometry of the TGLIF system, we corrected

our inner filter effects according to Kuo et al. (2007):

L

_filter _ 0 '
F o L
Fo fI 0-(,exc+Eem) Cp,,r, G(x)dx

0

where Ucexc and ucem are excitation and emission attenuation coefficients (cm - ) of the melanoidin

or DOM aqueous solutions; Fexc and Eem are the excitation and emission extinction coefficients of

pyrene (M -cm 1) in aqueous solutions; Cpyr is the concentration of pyrene (M); G(x) is the

geometric factor for illumination volume variation as a function of distance (x) from the

illumination source.
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We used a numerical integration approach to correct for inner filter effect and followed

the same approximation that Kuo et al. (2007) used to estimate G(x):

2
G(x) = reception areax=o  , 2(G(x) - (2)

area _ of _ illum. _ sphere 4 "2  (

where ro is the radius at the reception probe tip (0.05 cm) and r (cm) is the distance between the

probe tip and a fluorescent dissolve pyrene molecule with a function radius r = 0.44-x.

Table 1. Light absorption properties of melanoidin, DOM, and pyrene solutions.

X=337 X=387
aex (cm'l) aem (cm'1)

Melanoidin 3.7 3.1
DOM 0.9 0.6

Eex (Mlcm "') Sem (M-1cm 1)
Pyrene 32,591 704

Note: An initial pyrene concentration close to the uncorrected value was used for the first estimate. However, as can
be seen in Table 1 and Table 2, the calculations were not sensitive to the pyrene concentration used and no further
correction or iterative processes were needed.
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Table 2. Numerical integration for the inner filter effect correction of pyrene fluorescence
measurements in melanoidin considering the illumination geometry of the TGLIF system.

x (cm) 10-(aex+cem)x G(x) 1 0-(cex+cem)x .G(x)-Ax 10 -(Eex+vem)Cpyrx

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4.0

2.09E-01
4.37E-02
9.12E-03
1.91 E-03
3.98E-04
8.32E-05
1.74E-05
3.63E-06
7.59E-07
1.58E-07
3.31 E-08
6.92E-09
1.45E-09
3.02E-10
6.31 E-11
1.32E-11
2.75E-1 2
5.75E-1 3
1.20E-13
2.51 E-14
5.25E-15
1.10E-15
2.29E-16
4.79E-17
1.00E-17
2.09E-1 8
4.37E-1 9
9.12E-20
1.91 E-20
3.98E-21
8.32E-22
1.74E-22
3.63E-23
7.59E-24
1.58E-24
3.31 E-25
6.92E-26
1.45E-26
3.02E-27
6.31 E-28

SUM
Fobs/Fcorr

3.24E-01
8.09E-02
3.60E-02
2.02E-02
1.29E-02
8.99E-03
6.61 E-03
5.06E-03
4.00E-03
3.24E-03
2.68E-03
2.25E-03
1.92E-03
1.65E-03
1.44E-03
1.26E-03
1.12E-03
9.99E-04
8.97E-04
8.09E-04
7.34E-04
6.69E-04
6.12E-04
5.62E-04
5.18E-04
4.79E-04
4.44E-04
4.13E-04
3.85E-04
3.60E-04
3.37E-04
3.16E-04
2.97E-04
2.80E-04
2.64E-04
2.50E-04
2.36E-04
2.24E-04
2.13E-04
2.02E-04

6.76E-03
3.53E-04
3.28E-05
3.86E-06
5.16E-07
7.48E-08
1.15E-08
1.84E-09
3.03E-1 0
5.13E-1 1
8.86E-12
1.56E-12
2.77E-1 3
4.99E-14
9.08E-1 5
1.67E-15
3.09E-1 6
5.75E-17
1.08E-17
2.03E-1 8
3.85E-1 9
7.33E-20
1.40E-20
2.69E-21
5.18E-22
1.00E-22
1.94E-23
3.77E-24
7.33E-25
1.43E-25
2.80E-26
5.49E-27
1.08E-27
2.12E-28
4.19E-29
8.27E-30
1.64E-30
3.24E-31
6.43E-32
1.28E-32

1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00

7.15E-03

Y100 t Eaex+Eem) Cpyr x

.G(x)-Ax
3.24E-02
8.09E-03
3.60E-03
2.02E-03
1.29E-03
8.99E-04
6.61 E-04
5.06E-04
4.00E-04
3.24E-04
2.68E-04
2.25E-04
1.92E-04
1.65E-04
1.44E-04
1.26E-04
1.12E-04
9.99E-05
8.97E-05
8.09E-05
7.34E-05
6.69E-05
6.12E-05
5.62E-05
5.18E-05
4.79E-05
4.44E-05
4.13E-05
3.85E-05
3.60E-05
3.37E-05
3.16E-05
2.97E-05
2.80E-05
2.64E-05
2.50E-05
2.36E-05
2.24E-05
2.13E-05
2.02E-05
5.24E-02

0.14
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Table 3. Numerical integration for the inner filter effect correction of pyrene fluorescence
measurements in dissolved organic matter (DOM) considering the illumination geometry of the
TGLIF system.

x (cm) 1 0-(aex+aem)x G(x) 1 0-(aex+aem)x -G(x)-Ax 10 -(EB x+Eem)Cpyr' x

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4

7.08E-01
5.01 E-01
3.55E-01
2.51 E-01
1.78E-01
1.26E-01
8.91 E-02
6.31 E-02
4.47E-02
3.16E-02
2.24E-02
1.58E-02
1.12E-02
7.94E-03
5.62E-03
3.98E-03
2.82E-03
2.00E-03
1.41 E-03
1.00E-03
7.08E-04
5.01 E-04
3.55E-04
2.51 E-04
1.78E-04
1.26E-04
8.91 E-05
6.31 E-05
4.47E-05
3.16E-05
2.24E-05
1.58E-05
1.12E-05
7.94E-06
5.62E-06
3.98E-06
2.82E-06
2.00E-06
1.41 E-06
1.00E-06

SUM
Fobs/Fcorr

3.24E-01
8.09E-02
3.60E-02
2.02E-02
1.29E-02
8.99E-03
6.61 E-03
5.06E-03
4.00E-03
3.24E-03
2.68E-03
2.25E-03
1.92E-03
1.65E-03
1.44E-03
1.26E-03
1.12E-03
9.99E-04
8.97E-04
8.09E-04
7.34E-04
6.69E-04
6.12E-04
5.62E-04
5.18E-04
4.79E-04
4.44E-04
4.13E-04
3.85E-04
3.60E-04
3.37E-04
3.16E-04
2.97E-04
2.80E-04
2.64E-04
2.50E-04
2.36E-04
2.24E-04
2.13E-04
2.02E-04

2.29E-02
4.06E-03
1.28E-03
5.08E-04
2.30E-04
1.13E-04
5.89E-05
3.19E-05
1.79E-05
1.02E-05
5.99E-06
3.56E-06
2.15E-06
1.31 E-06
8.09E-07
5.03E-07
3.16E-07
1.99E-07
1.27E-07
8.09E-08
5.20E-08
3.35E-08
2.17E-08
1.41 E-08
9.21 E-09
6.03E-09
3.96E-09
2.61 E-09
1.72E-09
1.144E-09
7.54E-10
5.01 E-10
3.34E-10
2.22E-10
1.49E-10
9.94E-1 1
6.66E-1 1
4.47E-1 1
3.01 E-11
2.02E-1 1
2.92E-02

1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.99E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01
9.98E-01

xi I \Lp
10 -( eex+EM• ;PYx

-G(x)-Ax
3.24E-02
8.09E-03
3.60E-03
2.02E-03
1.29E-03
8.99E-04
6.60E-04
5.06E-04
3.99E-04
3.24E-04
2.67E-04
2.25E-04
1.91 E-04
1.65E-04
1.44E-04
1.26E-04
1.12E-04
9.98E-05
8.96E-05
8.08E-05
7.33E-05
6.68E-05
6.11 E-05
5.61 E-05
5.17E-05
4.78E-05
4.43E-05
4.12E-05
3.84E-05
3.59E-05
3.36E-05
3.16E-05
2.97E-05
2.79E-05
2.64E-05
2.49E-05
2.36E-05
2.24E-05
2.12E-05
2.02E-05
5.24E-02

0.56
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APPENDIX VIII

PAH CONCENTRATIONS FOR INNER PENOBSCOT BAY (IPB) AND JORDAN BASIN
(JB) SEDIMENTS
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Table 1. Concentrations of PAHs in Inner Penobscot Bay (IPB) sediment samples.

Depth concentration (ng/g)a
Int(cm)al naph naph- aceny acen fluo phen anth phen- phC2n- fla pyr

(cm) Cl Cl 02

0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5
2.0-2.5b
2.5-3.0
3.0-3.5
3.5-4.0
4.0-4.5
4.5-5.0
5.0-5.5
5.0-5.5b
5.5-6.0
6.0-6.5
6.5-7.0
7.0-7.5
7.5-8.0
8.0-8.5
8.5-9.0
9.0-9.5
9.5-10.0
10.0-10.5
10.5-11.0
11.0-11.5
11.5-12.0
12.0-13.0
13.0-14.0
14.0-15.0
15.0-16.0
16.0-17.0
17.0-18.0
18.0-19.0
18.0-19.0b
19.0-20.0
20.0-21.0
21.0-22.0
22.0-23.0
23.0-24.0
24.0-24.5
24.5-25.5
25.5-26.5
26.5-27.5

18
17
30
20
23
30
27
19
20
15
16
21
21
19
11
17
18
17
25
26
25
25
23
22
33
19
26
20
18
5
16
11
4
4
1
1
1
1
0

138
5
2
0

254
229
279
261
278
313
280
232
297
241
221
255
239
273
151
239
250
203
267
272
323
257
254
272
344
207
282
234
201
174
194
137
52
58
5

21
19
21
23
5
65
24
7

218
217
291
243
227
289
286
220
238
235
203
250
258
242
148
258
242
203
268
266
319
260
255
299
371
226
265
222
187
164
166
116
47
51
26
20
19
23
29
25
61
26
9

165
212
241
199
184
224
230
182
206
233
212
257
277
293
149
270
282
205
277
289
393
268
263
288
357
223
270
243
192
168
190
124
49
47
24
19
17
23
29
49
63
23
11

421
395
526
493
522
517
516
429
499
412
422
480
473
506
490
420
479
363
461
467
536
483
460
455
531
396
478
420
381
333
391
253
110
118

49
41
35
36
47

113
121

40
10

340
315
428
396
411
424
429
344
398
327
319
402
399
410
398
350
397
300
391
389
454
404
382
382
440
327
378
338
298
268
292
188

82
87
37
30
26

0
38
97
94
31

8
anaph: naphthalene; naph-C1: naphthalene-C 1; aceny: acenaphthylene; acen: acenaphthene; fluo: fluorene; phen: phenanthrene;
anth: anthracene; phen-C1; phenanthrene-Ci; phen-C2: phenanthrene-C2; fla: fluoranthene; pyr: pyrene; ret: retene; pyr/fla-C1:
pyrene/fluoranthene-C 1; pyr/fla-C2: pyrene/fluoranthene-C2; b[a]a + triph: benz[a]anthracene + triphenylene; chr: chrysene;
b[b]f + b[k]f: benzo[b+k]fluoranthenes; b[e]p: benzo[e]pyrene; b[a]p: benzo[a]pyrene; pery: perylene; d[a,h]a:
dibenz[a,h]anthracene; ind: indeno[ 1,2,3-c,d]pyrene.
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Table 1 (continuation). Concentrations of PAHs in Inner Penobscot Bay (IPB) sediment
samples.

Depth
Interval

(cm)
0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5
2.0-2.5b
2.5-3.0
3.0-3.5
3.5-4.0
4.0-4.5
4.5-5.0
5.0-5.5
5.0-5.5b
5.5-6.0
6.0-6.5
6.5-7.0
7.0-7.5
7.5-8.0
8.0-8.5
8.5-9.0
9.0-9.5
9.5-10.0
10.0-10.5
10.5-11.0
11.0-11.5
11.5-12.0
12.0-13.0
13.0-14.0
14.0-15.0
15.0-16.0
16.0-17.0
17.0-18.0
18.0-19.0
18.0-19.0b
19.0-20.0
20.0-21.0
21.0-22.0
22.0-23.0
23.0-24.0
24.0-24.5
24.5-25.5
25.5-26.5
26.5-27.5

ret

120
87
74
87
89
68
83
69
77

107
88
75
68
80
52

107
82
82
93
80
99
74
75

105
104
97
80
75
65
60
77
56
24
25
14
12
12
14
12
5

45
10

5

concentration (ng/g)a

b[a]a+ b[b]f+ Tot
triph chr b[k]f b[e]p b[a]p pery d[a,h]a ind PAHtriph b[k]f PAH

pyr/ pyr/
fla- fla-
Cl C2
242 115
233 111
313 190
276 140
284 155
316 172
318 184
247 164
258 149
245 137
231 140
320 218
308 227
294 211
306 200
281 182
302 223
240 155
297 190
296 216
346 236
323 217
286 192
296 182
338 216
252 133
279 175
249 156
234 135
194 156
202 141
134 102
62 43
65 40
32 23
25 19
22 18
25 19
34 22
95 71
74 52
26 17

9 9

234
196
342
216
266
319
302
222
259
201
181
287
297
227
247
268
240
228
308
305
329
322
282
285
348
256
310
267
245
208
237
170

71
78
33
26
22
25
28

107
78
24
7

139
121
163
150
152
152
161
117
163
144
140
146
147
129
132
129
150
107
156
147
152
154
131
150
161
138
133
113
104
96

106
69
28
31
15
11
10
11
17
48
39
12
4

187
188
248
214
216
227
237
195
227
175
177
205
215
216
211
214
200
170
208
204
230
224
219
210
247
186
218
200
173
146
151
115
53
59
25
20
19
19
23
63
55
18
6

157
155
209
176
178
181
194
156
189
147
150
169
176
178
168
165
165
135
169
168
187
181
170
173
200
150
160
144
138
118
109
79
39
40
18
14
2
2

17
47
44
15
4

118
67

233
16
25

193
212
129
33
8

12
143
179
16
68

175
61

144
194
155
178
193
162
169
227
150
177
148
149
129
77
83
41
40
19
14
1
2

18
53
50
15
3

92
48

155
35
40

104
194
107

64
18
23
91

118
34
80

162
70

116
182
108
114
125
109
162
144
120
105

91
94
85
67
83
76
75
78
73
8
8

81
86
83
91
83

122
105
207
111
154
167
171
103
160
127
106
122
134
120
115
113
113
102
155
152
128
149
122
137
180
132
113
97

107
98
70
58
32
32
14
8
7
9

18
43
40
13
0

anaph: naphthalene; naph-C1: naphthalene-CI; aceny: acenaphthylene; acen: acenaphthene; fluo: fluorene; phen: phenanthrene;
anth: anthracene; phen-C l; phenanthrene-Cl; phen-C2: phenanthrene-C2; fla: fluoranthene; pyr: pyrene; ret: retene; pyr/fla-C 1:
pyrene/fluoranthene-C1; pyr/fla-C2: pyrene/fluoranthene-C2; b[a]a + triph: benz[a]anthracene + triphenylene; chr: chrysene;
b[b]f + b[k]f: benzo[b+k]fluoranthenes; b[e]p: benzo[e]pyrene; b[a]p: benzo[a]pyrene; pery: perylene; d[a,h]a:
dibenz[a,h]anthracene; ind: indeno[l,2,3-c,d]pyrene.
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3084
2832
4129
3182
3359
3871
4032
3092
3399
2875
2738
3608
3696
3387
3009
3496
3406
2901
3825
3704
4249
3829
3540
3744
4456
3151
3632
3151
2848
2506
2578
1870
852
890
419
370
251
249
452

1052
1015

404
181



Table 2. Concentrations of PAHs in Jordan Basin (JB) sediment samples.

Depth concentration (ng/g)a
Interval phen- phen- pyr/fla b[a]
(cm)Interval naph aceny acen fluo phen anth C1 C2 fla pyr - a
(cm) C1 C2 -C1 a

0.5-1.0 17 5 2 9 31 3 10 1 35 26 25 12
1.0-1.5 16 5 2 6 52 8 18 3 37 27 28 14
1.5-2.0 17 5 2 6 31 4 14 1 42 46 27 14
2.0-3.0 21 5 1 8 28 5 13 3 41 28 27 15
2.0-3.0 21 4 2 5 27 4 14 5 40 26 26 14
3.0-4.0 19 5 1 7 28 4 13 4 38 25 27 13
4.0-5.0 19 5 2 6 29 5 14 7 40 42 32 14
5.0-6.0 20 5 2 7 29 6 14 6 39 28 37 14
6.0-8.0 11 10 6 11 42 5 13 2 23 31 16 17
6.0-8.0 10 10 7 6 60 4 13 2 33 26 18 17
8.0-10.0 71 11 5 14 29 4 10 2 40 26 18 15
10.0-14.0 7 11 4 10 30 3 9 4 37 25 19 18
14.0-18.0 150 7 4 11 52 25 13 8 36 38 22 15
18.0-22.0 455 36 7 0 38 0 11 0 25 19 19 11
22.0-30.0 731 32 8 6 62 6 16 0 35 40 21 15
30.0-38.0 48 18 0 13 16 4 7 0 57 25 22 20
38.0-46.0 135 46 3 0 26 5 9 0 42 25 21 15
46.0-54.0 157 36 7 0 38 0 11 0 25 19 19 11
54.0-56.0 45 0 0 0 35 4 9 0 18 11 0 9

anaph: naphthalene; aceny: acenaphthylene; acen: acenaphthene; fluo: fluorene; phen: phenanthrene; anth: anthracene; phen-C1;
phenanthrene-C1; phen-C2: phenanthrene-C2; fla: fluoranthene; pyr: pyrene; pyr/fla-C 1: pyrene/fluoranthene-C 1; b[a]a:
benz[a]anthracene; chr: chrysene; b[b]f: benzo[b]fluoranthene; b[k]f: benzo[k]fluoranthene; b[e]p: benzo[e]pyrene; b[a]p:
benzo[a]pyrene; pery: perylene; d[a,h]a: dibenz[a,h]anthracene; b[g.h.i]p: benzo[g,h,i]perylene; ind: indeno[1,2,3-c,d]pyrene;
cor: coronene.
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Table 2 (continuation). Concentrations of PAHs in Jordan Basin (JB) sediment samples.

Depth concentration (ng/g)a
Interval chr b[b]f b[k]f b[e]p b[a]p pery d[a,h]a b[g,h,i]p ind cor Tot PAH

(cm)
0.5-1.0 24 61 51 - - 24 4 38 47 23 499
1.0-1.5 26 70 47 64 15 43 6 38 53 12 644
1.5-2.0 25 67 42 57 31 45 6 48 63 22 668
2.0-3.0 24 72 41 60 40 43 7 37 54 16 640
2.0-3.0 26 54 40 32 80 47 75 0 7 60 661
3.0-4.0 26 67 57 61 35 52 7 39 56 19 654
4.0-5.0 26 74 53 48 30 49 7 36 49 10 647
5.0-6.0 26 50 37 66 31 47 5 36 48 16 621
6.0-8.0 28 67 34 45 22 38 13 36 52 18 1,040
6.0-8.0 27 58 36 42 24 37 12 33 53 19 1,046
8.0-10.0 29 66 40 52 22 33 10 35 53 17 1,103
10.0-14.0 28 66 37 49 23 36 9 32 53 19 1,029
14.0-18.0 32 71 39 52 28 35 12 34 53 17 1,255
18.0-22.0 18 49 24 33 16 44 12 33 46 18 1,414
22.0-30.0 29 67 41 38 18 36 8 39 60 19 1,830
30.0-38.0 27 79 40 48 34 36 9 40 63 22 1,125
38.0-46.0 24 71 37 47 25 40 2 37 62 22 1,191
46.0-54.0 18 49 24 33 16 44 12 33 46 18 1,118
54.0-56.0 13 34 18 23 14 43 4 20 31 12 843

anaph: naphthalene; aceny: acenaphthylene; acen: acenaphthene; fluo: fluorene; phen: phenanthrene; anth: anthracene; phen-Cl;
phenanthrene-C1; phen-C2: phenanthrene-C2; fla: fluoranthene; pyr: pyrene; pyr/fla-C1: pyrene/fluoranthene-Cl; b[a]a:
benz[a]anthracene; chr: chrysene; b[b]f: benzo[b]fluoranthene; b[k]f: benzo[k]fluoranthene; b[e]p: benzo[e]pyrene; b[a]p:
benzo[a]pyrene; pery: perylene; d[a,h]a: dibenz[a,h]anthracene; b[g.h.i]p: benzo[g,h,i]perylene; ind: indeno[1l,2,3-c,d]pyrene;
cor: coronene.
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