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Introduction

Hypoxic or anoxic conditions caused by nutrient and organic loading have long been considered among the most pressing problems for coastal seas [START_REF] Gesamp | The state of the Marine Environment[END_REF][START_REF] Diaz | Marine benthic hypoxia: a review on its ecological effects and the behaviorial responses of benthic macrofauna[END_REF][START_REF] Cloern | Our evolving conceptual model of the coastal eutrophication problem[END_REF][START_REF] Gilbert | A seventy-two-year record of diminishing oxygen in the St. Lawrence estuary: The northwest Atlantic connection[END_REF][START_REF] Schiedek | Interactions between climate change and contaminants[END_REF] and oxygen demand from an accumulated organic carbon sediment inventory may play a crucial role in sustaining hypoxic conditions in bottom waters [START_REF] Turner | Gulf of Mexico hypoxia: Alternate states and a legacy[END_REF]. Oxygen drawdown to the point of anoxia occurs naturally in marine sediments where metabolizable carbon fluxes exceed the flux of oxygen into the sediments [START_REF] Gobeil | Recent change in organic carbon flux to Arctic Ocean deep basins: Evidence from acid volatile sulfide, manganese and rhenium discord in sediments[END_REF]. Natural organic loadings to coastal sediments derive from marine primary production and associated vertical flux of metabolizable material, and from terrestrial loadings from rivers and coastal erosion. Added to these natural organic sources are anthropogenic loadings of organic-rich effluent from, for example, municipal outfalls and pulp and paper mills, and nutrients, which may enhance marine primary production and vertical flux (eutrophication).

An important question for the management of coastal resources is how much impact the anthropogenic loadings might have on the natural coastal OC cycle. In particular, regulators need to know whether or not hypoxic or anoxic tipping points are crossed due to augmented organic fluxes such that benthic or pelagic habitat becomes eliminated for biota requiring sustained oxygen supply above some minimum concentration. Impacts of organic loadings might be restricted to an area within tens of meters of a small point source or, in a more extreme case like the Mississippi Estuary, could involve over 20,000 km 2 [START_REF] Turner | Gulf of Mexico hypoxia: Alternate states and a legacy[END_REF]. Traditionally, an evaluation of the scale of the threat of individual or collective anthropogenic loadings may be estimated by comparing these with natural loadings through the construction of regional OC budgets. For the Strait of Georgia, in British Columbia, Canada, [START_REF] Johannessen | A sediment and organic carbon budget for the greater Strait of Georgia[END_REF] ranked particulate organic carbon (POC) sources as 1) primary production (285 kT/yr), 2) Fraser and other rivers (220 kT/yr), ocean dumping (14 kT/yr), municipal outfalls (12 kT/yr), pulp mills (<8.5 kT/yr) and aquaculture (2 kT/yr). Clearly, these estimates indicate that direct anthropogenic POC loadings are small (<5%) compared to primary production and inputs from rivers at the scale of the greater Strait of Georgia. Likewise, an evaluation of nitrate budgets [START_REF] Mackas | Nitrogenous nutrient sources and sinks in the Juan de Fuca Strait, Strait of Georgia, Puget Sound estuarine system: Assessing the potential for eutrophication[END_REF] suggests that the Strait of Georgia is naturally well supplied with nutrients and that loadings from municipal outfalls can play but a minor role (~7%), insufficient to produce large-scale organic loading that would draw down oxygen.

Loadings from outfalls into dynamic coastal waters are notoriously difficult and expensive to track as plumes that vary in time and space. In contrast, sediments often record the local integrated impact of particulate material settling to the bottom in patterns that makes stochastic sense (e.g., see [START_REF] Gearing | Isotopic distribution of carbon from sewage sludge and eutrophication in the sediments and food web of estuarine ecosystems[END_REF][START_REF] Gordon | Sedimentary tracers of sewage inputs to the southern Strait of Georgia[END_REF][START_REF] Gobeil | Silver in sediments from the St. Lawrence River and estuary and the Saguenay Fjord[END_REF][START_REF] Bennett | Distribution of degradation products of alylphenol ethoxylates near sewage treatment plants in the lower Great Lakes, North America[END_REF].

In the Strait of Georgia, sediments have been shown to provide useful temporal records for metals and components of organic carbon [START_REF] Macdonald | Accumulation of heavy metals (Pb, Zn, Cu, Cd), carbon and nitrogen in sediments from Strait of Georgia, B.C., Canada[END_REF][START_REF] Gordon | Sedimentary tracers of sewage inputs to the southern Strait of Georgia[END_REF][START_REF] Yunker | Natural and anthropogenic inputs of hydrocarbons to the Strait of Georgia[END_REF][START_REF] Johannessen | A sediment and organic carbon budget for the greater Strait of Georgia[END_REF]Johannessen et al., 2005a), pulp mill contaminants [START_REF] Macdonald | A history of octachlordibenzo-p-dioxin, 2,3,7,8-tetrachlorodibenzofuran, and 3,3' ,4,4'tetrachlorobiphenyl contamination in Howe Sound[END_REF] and specific elements and compounds known to pass through municipal outfalls [START_REF] Gordon | Sedimentary tracers of sewage inputs to the southern Strait of Georgia[END_REF][START_REF] Shang | The persistence of nonylphenol ethoxylate surfactants and their primary degradation products in sediments from near a municipal outfall in the Strait of Georgia, British Columbia, Canada[END_REF][START_REF] Johannessen | Joined by geochemistry, divided by history: PCBs and PBDEs in Strait of Georgia sediments[END_REF]. However, there is a problem in using the sediment record of bulk OC to assess the impact of anthropogenic OC loadings to sediments; the OC sediment record misses labile OC that has been oxidized, and it is this portion of OC that is of interest from the perspective of oxygen depletion.

It is well known that several elements, including Mn, Re, Cd, Mo, U, P and Fe respond to redox conditions in sediments by dissolving or precipitating (e.g., [START_REF] Pedersen | On the natural enrichment of cadmium and molybdenum in the sediments of Ucluelet Inlet, British Columbia[END_REF][START_REF] Sundby | The phosphorus cycle in coastal marine sediments[END_REF][START_REF] Rosenthal | Authigenic cadmium enrichments in suboxic sediments: Precipitation and postdepositional mobility[END_REF][START_REF] Gobeil | Diagenetic separation of cadmium and manganese in suboxic continental margin sediments[END_REF][START_REF] Thomson | Redox-sensitive element uptake in north-east Atlantic Ocean sediments (Benthic Boundary Layer Experiment sites)[END_REF][START_REF] Mckay | Sedimentary redox conditions in continental margin sediments (N.E. Pacific) -Influence on the accumulation of redox-sensitive trace metals[END_REF].

The distributions of redox elements in sediments are, accordingly, strongly controlled by the distribution of dissolved oxygen (O 2 ) and sulphide (S 2-), which are in turn controlled by the relative rates of organic metabolism and oxygen supply [START_REF] Sundby | Transient state diagenesis in continental margin muds[END_REF]. Therefore, redox elements respond to, and potentially record, the intensity of OC oxidation in sediments.

In this paper, we use seven 210 Pb-dated sediment box cores collected at widely-distributed locations in the Strait of Georgia (Fig. 1) to evaluate the current status of natural and anthropogenic organic loadings to sediments. The Metro Vancouver (formerly Greater Vancouver Regional District), consists of 8 urban cities: Cities of Vancouver, Burnaby, Coquitlam, Richmond, North Vancouver, Surrey and New Westminster), with a 2006 population estimate of just over 2 million. There are five wastewater treatment plants, but only two discharge directly into the marine environment, the Iona WWTP and the Lions Gate WWTP, both of which have primary treatment only. At Iona, twin discharge pipes extend 7.5 km onto the seabed of the Strait of Georgia, and the present discharge system came online in April of 1988, prior to which discharge occurred across the intertidal zone since the late 1950s. The mean daily flow (1997 -2006) is 535 -617 million litres per day. Lions Gate began discharge in 1961 and has been expanded seven times. The average daily flow rate (1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006) is 90-110 million litres per day.

Here, we examine OC profiles and inventories in sediments to evaluate burial and metabolism of carbon and set this against the distributions, inventories and fluxes of redox markers (Mn, Mo, Cd, Re, acid volatile sulphide (AVS) and total S ( S)) within the sediments. The box cores have been collected widely from locations known to receive particulate material of municipal outfall origin and from more distant locations that are likely to receive most of their organic input from other sources, with only minor amounts of outfall particulates.

Methods

Sediment core collection

Seven sediment cores (~45-56 cm in length) were collected in 2003 and 2004 from the central and northern Strait of Georgia (Table 1; Fig. 1) using a Pouliot box corer (20 cm × 30 cm).

Based on Ag as an indicator of sewage inputs [START_REF] Sañudo-Wilhelmy | Anthropogenic silver in the southern bight: a new tracer of sewage in coastal waters[END_REF][START_REF] Gobeil | Silver in sediments from the St. Lawrence River and estuary and the Saguenay Fjord[END_REF], we used the surface sediment map of Ag concentration produced by [START_REF] Gordon | Sedimentary tracers of sewage inputs to the southern Strait of Georgia[END_REF] (Fig. 2) together with the nonylphenol ethoxylate map constructed by [START_REF] Shang | The persistence of nonylphenol ethoxylate surfactants and their primary degradation products in sediments from near a municipal outfall in the Strait of Georgia, British Columbia, Canada[END_REF] to select coring locations within the direct influence of municipal outfall particulates (GVRD-2, -3, and -4), and cores distant from such influence (GVRD-1, 5, 6, 7). GVRD-3 was located 0.5 km north of the Iona Island outfall, which has its diffuser section of pipe extending between the 60 and 90 m isobaths, while GVRD-2 was located almost equidistant (~13 km) from the Lions Gate and Iona Island outfalls (Fig. 2). GVRD-2 is also located at the entrance to Burrard Inlet and therefore closest to industrial and municipal sources of organic matter (OM) broadly entering from the Vancouver region (e.g., see [START_REF] Yunker | Natural and anthropogenic inputs of hydrocarbons to the Strait of Georgia[END_REF]. Immediately upon recovery, the cores were sectioned for analysis into 1 cm intervals for the top 10 cm, 2 cm intervals for the next 10 cm and 5 cm intervals for the remainder of the core. At the time of sub-sectioning, samples were taken for a variety of analyses including radio-dating, organic content, metals and contaminants.

Detailed sample collection and treatment, and analytical methods and data for a wide range of chemical parameters are given by [START_REF] Wright | The Strait of Georgia Ambient Monitoring Program, Phase I 2002-2007: Sediment and Benthos[END_REF] and only brief descriptions of methods relevant to this paper are summarized below.

Sediment dating

A sub-sample from each depth interval was analyzed for 210 Pb and 226 Ra (counting errors < 3%) for dating; see Johannessen et al. (2005a;2008). The activity of supported 210 Pb was determined as the average of the 226 Ra activity measured at three depths (top, middle, bottom). A surface mixed layer (SML) was evident in all cores and each core was modeled for mixing and sedimentation rate using the advective-diffusive equation of the form:

w s [ 210 Pb]/ t = / z(D B [ 210 Pb]/ z) -[ 210 Pb] -1-
where w s is the sedimentation velocity (cm/yr), 210 Pb is the unsupported activity, z is depth in sediments, is the 210 Pb decay constant (0.0311 yr -1 ), and D B is the biomixing coefficient (cm 2 yr - 1 ). Assuming steady state applies to supported 210 Pb in sediments, the equation may be solved analytically, once the depth of the SML has been estimated from the 210 Pb profile [START_REF] Lavelle | Sedimentation rates in Puget Sound from 210 Pb measurements[END_REF]. Sedimentation parameters derived from the 210 Pb profiles are listed in Table 2.

Acid-volatile sulphide (AVS), sulphur and metals analyses

AVS was determined on wet samples, using the protocol described by [START_REF] Allen | Analysis of Acid-Volatile Sulfide (AVS) and Simultaneously Extracted Metals (SEM) for the estimation of potential toxicity in aquatic sediments[END_REF].

Briefly, sediments were acidified with hydrochloric acid, and the evolving sulfide was trapped in a sodium hydroxide solution and subsequently determined by colorimetric analysis. The analytical precision, determined by replicate analysis (n=5) of one sample, was 10 % at a concentration of 0.2 µmol g -1 (dry weight).

Sediment sub-samples were freeze-dried and homogenized by grinding. Aliquots (~250 mg) deposited in Teflon beakers were heated for one hour at approximately 100 o C on a hot plate with 10 mL of HNO 3 , and then, after the addition of 4 mL of HClO 4 , for two supplementary hours.

After cooling, 5 mL of HF were added to the mixtures to complete the digestion at room temperature for 15 hours. The acids were then evaporated to near dryness and the residue dissolved in 1 mL of concentrated HNO 3 and diluted to 50 mL. The solutions were then analyzed with both ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometry; Mn, S) and ICP-MS (Inductively Coupled Plasma-Mass Spectrometry; Ag, Cd, Mo, Re, and U) using external calibrations. The precision (± standard deviation) and accuracy (SRM value minus sample mean) of the analyses were determined by replicate analysis (n=5) of the standard reference sediments PACS-2 (Ag -±4.7%, -6%; Cd -±4.9%, 12 %; Mn -± 3.5%, -6.3%; Mo -±4.8%, -11%; Re -±2.1%, nd; U -±7.0, 4.7%; S -±1.4%, -8.9%. Results obtained for S may underestimate S since a portion of the reduced S (AVS) might have been lost during the digestion procedure. However, it is likely that the use of nitric acid for the digestion limits that lost by oxidizing the sulphide to sulphate.

Carbon and nitrogen analyses

Carbon and nitrogen were analysed in the sediment core samples using the method of [START_REF] Calvert | On the organic carbon maximum on the continental slope of the eastern Arabian Sea[END_REF] in which OC is calculated as the difference between total carbon and carbonate carbon. Total carbon is measured by combustion and gas chromatography in a CHS analyzer and carbonate carbon by coulometry (precision ± 1.6% (sd)). Stable isotopic composition ( 13 C, reported by [START_REF] Calvert | Geochemical and isotopic evidence for postglacial palaeoceanographic changes in Saanich Inlet[END_REF]. In this paper we use the terms organic matter (OM) to refer to all organic components (e.g., C, N, O, H), and organic carbon (OC) to refer specifically to the carbon component of OM.

Organic matter composition as a tracer of sources

Sources of OM in the Strait of Georgia have previously been inferred from the stable isotopic composition ( 13 C, 15 N) and C/N ratio [START_REF] Macdonald | Accumulation of heavy metals (Pb, Zn, Cu, Cd), carbon and nitrogen in sediments from Strait of Georgia, B.C., Canada[END_REF][START_REF] Calvert | Geochemical and isotopic evidence for postglacial palaeoceanographic changes in Saanich Inlet[END_REF]Johannessen et al., 2005b) using simple algebraic equations and assumptions of representative end member composition. Specifically; Likewise, 15 N has been applied in marine systems, even deep-ocean ones, to infer whether or not OM contains nitrogen from sewage sources [START_REF] Van Dover | Stable isotope evidence for entry of sewage-derived organic material into a deep-sea food web[END_REF]. For this sort of simple estimate, two sources, municipal and natural, are assumed to comprise the observed OM;

F terr + F mar = 1 -2-
F mun + F nat = 1 -5- F mun 15 N mun + F nat 15 N nat = 15 N obs -6-
where the subscripts refer to: mun -municipal, nat -natural, and obs -observed. To make quantitative estimates of source then requires an assumption of the 15 N appropriate to sewage, which may vary from location to location and which also varies with trophic level. For the westcoast outfalls in California, measurements place 15 N at 1.8‰ to 2.5‰ [START_REF] Sweeney | Tracing flocculent industrial and domestic sewage transport on San Pedro shelf, southern California, by nitrogen and sulphur isotope ratios[END_REF][START_REF] Spies | Stable isotope ratios and contaminant concentrations in a sewage-distorted foodweb[END_REF]. In the Strait of Georgia, however, based on a single point of 1.6‰, Johannessen et al. (2005b) suggested that the Fraser River may also deliver OM with low 15 N signature. The Fraser River source, itself, although likely dominated by natural organic material, may also contain nitrogen from agricultural sources including nitrogen-containing fertilizers (-1.5‰ --0.6‰) and poultry manure (8 ‰ -16‰) [START_REF] Wassenaar | Evaluation of the origin and fate of nitrate in the Abbotsford Aquifer using the isotopes of 15N and 18O in NO 3[END_REF].

Estimation of elemental inventories and fluxes in sediment cores

The enrichment of redox markers in the GVRD cores has been quantified as inventories (Table 3) by integrating the amount of each element above an assumed detrital background (the lowest values found at the bottom of the core or in the Strait of Georgia) following the same method used by [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF]. As noted by [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF], this process does not assume that elemental accumulation has been constant, nor does it account for any continued enrichments below the depth of the core (45-55 cm).

Results

Sedimentation rates, surface mixing and geochemical setting

Sedimentation velocities varied from 0.25 cm yr -1 (based on compaction at the bottom of the core, 40-50cm depth) in the northern Strait at GVRD-1 to 2.9 cm yr -1 at GVRD-6, which is located toward the southern end of the Strait (Table 2, Fig. 3). In the GVRD-4 core the 210 Pb profile was noisy and without any significant trend, likely implying a very rapid sedimentation rate given its location (e.g., see [START_REF] Hart | Sedimentation rates and patterns on a deepwater delta (Fraser delta, Canada): Integration of high-resolution seismic stratigraphy, core lithofacies and 137Cs fallout stratigraphy[END_REF]. The sedimentation rates for this set of cores are generally high near the mouth of the Fraser and decrease with distance from the delta. This pattern follows that observed for previous core collections (see, [START_REF] Johannessen | A sediment and organic carbon budget for the greater Strait of Georgia[END_REF]Johannessen et al., 2005a) and stratigraphies based on seismic surveys [START_REF] Hart | Sedimentation rates and patterns on a deepwater delta (Fraser delta, Canada): Integration of high-resolution seismic stratigraphy, core lithofacies and 137Cs fallout stratigraphy[END_REF]. Most of the sediment cores exhibit surface mixed layers (SMLs) of 7-12 cm (Fig. 3) and, in general, higher mixing rates are associated with higher sedimentation rates (Table 2). The fluxes of excess 210 Pb (Table 2) fall within ranges observed previously in the Strait of Georgia [START_REF] Macdonald | Accumulation of heavy metals (Pb, Zn, Cu, Cd), carbon and nitrogen in sediments from Strait of Georgia, B.C., Canada[END_REF][START_REF] Johannessen | A sediment and organic carbon budget for the greater Strait of Georgia[END_REF]Johannessen et al., 2005a) with the exception of the very high flux at GVRD-6, which was not unexpected given the high vertical flux captured by sediment traps near that location (Johannessen et al., 2005b) and evidence of year-round recirculation and trapping of particles resuspended by tidal currents in the passages to the south [START_REF] Johannessen | Spatial and temporal patterns of light attenuation in waters of the Strait of Georgia, Haro Strait and Juan de Fuca Strait: Implications for particle transport and cycling[END_REF].

Ag and the influence of municipal outfall particulates

As noted above, we used the distribution of Ag in surface sediments determined by [START_REF] Gordon | Sedimentary tracers of sewage inputs to the southern Strait of Georgia[END_REF] in the mid 1990s to place several of our cores within the likely zone of impact of municipal outfall particulates (Fig. 2). Silver provides an excellent tracer in the proximity of municipal outfalls because natural crustal and sedimentary concentrations are low compared to municipal effluent (Table 3, Sañudo-Wilhelmy and [START_REF] Sañudo-Wilhelmy | Anthropogenic silver in the southern bight: a new tracer of sewage in coastal waters[END_REF]. The vertical profiles for Ag in the GVRD cores (Fig. 2; panels) show that, as expected, GVRD-2, -3 and -4 contain significant enrichments of Ag above the Strait of Georgia background (0.1-0.2 g g -1 ) in the top 30 cm of the core consistent with outfall loadings. Surprisingly, GVRD-1, which is distant from all outfalls, also shows a clear enrichment of Ag in the top 25 cm. However, this enrichment likely does not derive directly from outfall particulates as will be discussed later.

Based on the excess Ag inventories above background deep in the sediment cores (Table 3), GVRD-3 (14.2 µg cm -2 ) is most strongly influenced by outfall particulates, followed by GVRD-2 (6.6 µg cm -2 ) and, possibly, GVRD-4 (1.1 µg cm -2 ).

Redox markers (Mn, AVS, S, Cd, Mo, U, Re)

All cores except GVRD-7 show relatively constant Mn concentrations below the SML (Fig. 4), indicative of the local mineral background concentration [START_REF] Dunn | Geochemistry of seafloor sediments from the Strait of Georgia, British Columbia[END_REF], with values ranging from 400 to 600 g g -1 . Near the sediment surface, several of the cores show evidence of Mn enrichment. GVRD-5 exhibits the best-developed Mn-enriched layer, confined mostly to the top 2 cm. Higher Mn concentrations deep in this core may signal a slight preserved enrichment of Mn (possibly as carbonate [START_REF] Calvert | Geochemical and isotopic evidence for postglacial palaeoceanographic changes in Saanich Inlet[END_REF]). GVRD-1, -6 and -7 also show slight Mn enrichments in the top 3-5 cm. GVRD-2 shows a very minor enrichment in the top 10 cm, but the average Mn concentration (537 ± 3 g g -1 (SE)) is consistent with the low crustal average for granite [START_REF] Taylor | Abundance of elements in the continental crust: a new table[END_REF][START_REF] Borchers | Geochemical signatures of the Namibian diatom belt: Perennial upwelling and intermittent anoxia[END_REF]. GVRD-3 shows no detectable enrichment, with surface values actually depressed (498 ± 5 g g -1 ) relative to deeper layers of the core (540 ± 6 g g -1 ). Finally, GVRD-4 is noisy toward the surface, making choice of background difficult, but the profile implies that little, if any, excess Mn resides at this site.

The concentration of AVS varies widely among the cores (Fig. 4). The lowest values are found in GVRD-1 (~5 µg g -1 ) and the highest in core GVRD-5 (>1000 µg g -1 ). In GVRD-1 the concentrations remain low throughout the core but at all other sites they tend to increase with depth. GVRD-3 and -5 exhibit a pronounced rise with depth in the top 5 to 15 cm; GVRD-2, -4 and -6 show a more gradual concentration increase with depth in the core.

S (Fig. 4) shows background values of about 2000 g g -1 which are comparable to 1724 g g - 1 , the median determined for Strait of Georgia surface sediments by [START_REF] Dunn | Geochemistry of seafloor sediments from the Strait of Georgia, British Columbia[END_REF]. Most of the cores show excess S enrichments below the SML, especially in GVRD-1 and -7. For GVRD-1 and -2, the AVS concentrations are <10% of the excess S concentration, but they are equivalent to about half those of excess S in the other cores, omitting GVRD-7 where AVS data are not available.

Almost all cores show Cd increasing with depth in the core (Fig. 4). The obvious exception, GVRD-3, has a marked surface enrichment in the top 15 cm. For all of the other cores, the lowest Cd values near the core surfaces fall within the range expected for crustal rocks. The highest concentrations of Cd are found in GVRD-1 followed by GVRD-3, -6, and -2. GVRD-4 and -7 have similar, low Cd concentrations below 5 cm with slight enrichments near the surface.

GVRD-5 has low Cd concentrations throughout the profile.

Molybdenum mimics Cd to a degree in that there are increases in Mo with depth in most of the GVRD cores (Fig. 4). We see little evidence of surface enrichment of Mo in association with Mn enrichment as observed in the Gulf of St Lawrence [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF] (cf. profiles for GVRD-5 and 7). In deep sediments, the highest Mo concentrations are observed at GVRD-1 and -5, with -7 -3, -4 overlapping each other in the middle, and then GVRD-2 and -6 exhibit the lowest concentrations. The prominent peak in Mo between 10 and 25 cm in GVRD-7 is paralleled by U and Re (Fig. 4) and also corresponds with a depression in the excess 210 Pb profile (Fig. 3).

GVRD-6, -2 and -1 all exhibit smooth profiles compared to the other cores.

Uranium is clearly enriched at GVRD-1 (Fig. 4; note scale changes between U panels). Lesser enrichments are evident in GVRD-2 and -3 with all three of these enriched cores showing increases in U with depth. The remaining cores show slight increases with depth, and the lowest surface values range from 1.1 to 1.2 g g -1 . GVRD-7 exhibits a U peak between 10 and 25 cm.

Rhenium profiles parallel the U profiles (Fig. 4). GVRD-1 is exceptional in having much higher concentrations than all the other cores (Fig. 4; note scale change between GVRD-1 and the other cores). In this core, Re increases down to about mid core and remains constant thereafter.

The other core that exhibits an unusual feature is GVRD-7, where there is a marked peak in Re between about 10 and 25 cm. Otherwise, Re profiles tend to be smooth, and the concentrations range by only a factor of about 2.

Organic matter

Organic carbon in the sediment surface varies from greater than 4% in northern Strait at GVRD-1 to less than 1% at GVRD-4 off the mouth of the Fraser River (Fig. 3). Most of the cores exhibit OC concentrations in the 0.5 -2% range, similar to the range observed previously in the central Strait by [START_REF] Johannessen | A sediment and organic carbon budget for the greater Strait of Georgia[END_REF]. GVRD-1, at 3-4% OC, is anomalously high, though similar to the surface values measured in cores collected previously in the northern Strait (3.64 and 5.02 %, [START_REF] Johannessen | A sediment and organic carbon budget for the greater Strait of Georgia[END_REF]. [START_REF] Bornhold | Carbon/nitrogen (C/N) ratios in surficial marine sediments of British Columbia[END_REF], who surveyed surface sediments from the northern Strait of Georgia, reported all values < 3.5% (using a loss on ignition method).

All cores exhibit OC oxidation as evidenced by decreases in %OC with depth in the core. To quantify the loss of OC in accumulating sediments, the % OC in the incident flux was modelled assuming that, in the absence of bioturbation, the concentration of organic C would decrease with depth at a first order rate and, based on the OC profile in each core, that at some depth the metabolism of carbon dropped to near zero with burial occurring below that depth (Table 4).

Carbon fluxes could not be calculated for core GVRD-4 due to the difficulty of estimating sedimentation rate from the excess 210 Pb profile, and it is not clear that core GVRD-4 reaches a burial depth, so calculated values for that core are uncertain. The organic burial rate is highest at GVRD-6, -3 and -5 and lowest at GVRD-1 despite the high %OC content. Noteworthy are the implied high OC oxidation rates occurring at GVRD-3 and GVRD-6.

The average composition of OM ( 13 C, 15 N, C/N ratio) in the GVRD cores varies systematically among cores (Table 5); sites near the Fraser River delta have higher C/N ratios, and lower 13 C and 15 N compositions signalling larger proportions of terrestrial OM. Vertical profiles for these parameters (not shown) generally exhibit negligible trends with depth, as apparent from the relatively small standard errors (SEs). Notable exceptions are GVRD-1, where 13 C is constant at -20.5‰ deep in the core but then from 20 to 10 cm decreases to ~ -21.5‰, and GVRD-3, where 15 N is almost 4‰ deep in the core but then from 14 to 10 cm decreases to 2.7‰. The uniform vertical distribution of 15 N in most cores together with the higher values (5.1 -6.5 ‰) in the distal and basin locations, imply that much of the OM metabolism has occurred in oxic conditions and that anoxic metabolism of the nitrogen part of the OM, which would lead to lower 15 N values, is minimal [START_REF] Lehmann | Preservation of organic matter and alteration of its carbon and nitrogen isotope composition during simulated and in situ early diagenesis[END_REF]. In Table 5, a breakdown of the average marine content of OC in these 7 sediment cores (F mar ) is estimated as described in the methods using the end-member compositions listed in the footnote to the table. The results show that marine OC ranges from 52% to 75% of total OC, with the basin cores (GVRD-1, -5, -6, & -7)

generally exhibiting the higher values.

Discussion

Application of redox elements to organic cycling in sediments

Redox elements are delivered to sediments in several ways including as conservative elements in bottom water that diffuse into sediment because there is a sink created within the sediments by precipitation (e.g., Re, U, Mo, Cd). They may also enter the biological cycle in soft parts of plankton, exhibiting nutrient-like behaviour (e.g., Cd), or hard parts of diatoms (e.g., Ag) and settle to sediments in the vertical particle flux, or be scavenged to particles under oxic conditions (Mn) (e.g., see de [START_REF] De Baar | Cadmium versus phosphate in the world ocean[END_REF][START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF][START_REF] Flegal | Silver in the North Pacific Ocean[END_REF].

In the present study, we are interested in finding out whether or not profiles of redox-sensitive elements in sediments can be used to identify recently-added organic loadings from point sources such as municipal outfalls. In principle, a sediment column achieves a steady-state balance in its redox elements that is controlled in the long term by the flux of metabolizable organic carbon to that site. This steady-state balance is, of course, subject to seasonal-and decadal-scale changes in organic loading which may cause redox boundaries to shift upward and downward over time [START_REF] Gobeil | Recent change in organic carbon flux to Arctic Ocean deep basins: Evidence from acid volatile sulfide, manganese and rhenium discord in sediments[END_REF][START_REF] Sundby | Transient state diagenesis in continental margin muds[END_REF]. Thus, the zonation in elements based on oxic, suboxic, sulphidic boundaries, would reflect the combination of conditions set by sedimentation rate, average labile organic loading, and sediment texture. Bottom dissolved oxygen conditions also play a role. Clearly, these characteristics vary widely within the Strait of Georgia as shown by the data assembled in Tables 2 and4. The task of assessing added anthropogenic loadings must, therefore, be accomplished in consideration of the natural background of sediments, which varies considerably in the Strait of Georgia [START_REF] Macdonald | Accumulation of heavy metals (Pb, Zn, Cu, Cd), carbon and nitrogen in sediments from Strait of Georgia, B.C., Canada[END_REF][START_REF] Johannessen | A sediment and organic carbon budget for the greater Strait of Georgia[END_REF][START_REF] Yunker | Alkane and PAH depositional history, sources and fluxes in sediments from the Fraser River Basin and Strait of Georgia[END_REF]Johannessen et al., 2005b). Furthermore, the effect of added metabolizable carbon would not be the same among these sites considering that the vertical distribution of redox boundaries differs between sites, a circumstance that demands a site-specific consideration of whether or not additional organic carbon loading is causing change.

Oxidation of OC within the sediments is evident in many of the GVRD core profiles as a decreasing concentration of OC down core (Fig. 3). However, it is important to remember that fresh, labile OM may be metabolized rapidly in the SML such that it leaves no record at all in the OM sediment profiles. The amount and reactivity of OM reaching sediments varies with water depth (e.g., see [START_REF] Bishop | Regional extremes in particulate matter composition and flux: effects on the chemistry of the ocean interior[END_REF]Johannessen et al., 2005b) and, although all sources of OC are metabolized to some degree in marine sediments, each source exhibits its own reactivity and metabolic efficiency (e.g., see [START_REF] Goñi | The supply and preservation of ancient and modern components of organic carbon in the Canadian Beaufort Shelf of the Arctic Ocean[END_REF]. The average OC composition of incident sediment estimated from our sediment profiles (Table 4) is about 1.8% OC. This may be compared with average composition of settling particles caught in sediment traps deployed at 150-300 m water depth in the southern and central Strait for 2-3 years of 1.8% to 2.5% OC and at 150 m in the north-central Strait of 7.3% OC (Johannessen et al., 2005b); sediment trap particulates on average contain higher %OC than the particles entering the sediments below them.

The redox markers included here for examination (Mn, AVS, S, Cd, Mo, U, Re) respond variously to sedimentary redox conditions as described in numerous studies (e.g., see [START_REF] Klinkhammer | Uranium in the oceans: where it goes and why[END_REF][START_REF] Colodner | The geochemical cycle of rhenium: a reconnaissance[END_REF][START_REF] Rosenthal | Authigenic cadmium enrichments in suboxic sediments: Precipitation and postdepositional mobility[END_REF][START_REF] Crusius | Rhenium and molybdenum enrichments in sediments as indicators of oxic, suboxic and sulfidic conditions of deposition[END_REF][START_REF] Morford | Trace metal evidence for changes in the redox environment associated with the transition from terrigenous clay to diatomaceous sediment, Saanich Inlet[END_REF][START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF][START_REF] Mckay | Sedimentary redox conditions in continental margin sediments (N.E. Pacific) -Influence on the accumulation of redox-sensitive trace metals[END_REF][START_REF] Morford | Insight on geochemical cycling of U, Re and Mo from seasonal sampling in Boston Harbour, Massachusetts, USA[END_REF].

Reduced manganese (Mn 2+ ) is soluble, whereas manganese oxides or hydroxides are solid precipitates. As a consequence of the banded zonation of oxygen sources in sediments undergoing diagenesis, when oxides of manganese are used to support OC metabolism, the reduced Mn 2+ enters pore water and diffuses upward to re-precipitate when it meets oxygen.

The formation of AVS during early diagenesis is an unequivocal indicator of sulphate reduction; however, the interpretation of AVS profiles is fraught with difficulty due to dynamic reactions, methodological problems and the mixed set of components that actually make up AVS [START_REF] Morse | Chemical dynamics of sedimentary acid volatile sulfide[END_REF]. For AVS to accumulate, O 2 , MnO 2 , and NO 3 -in porewater must have been completely depleted, and pore water must contain, or have recently contained, sulphide. AVS, however, usually constitutes only a small part of the total sulphide (<10%) and is ephemeral, often reaching a maximum at some depth within a sediment [START_REF] Morse | Chemical dynamics of sedimentary acid volatile sulfide[END_REF][START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF]. Sulphidic conditions, indicated by the presence of AVS, imply that Cd will precipitate as CdS [START_REF] Gobeil | Cadmium diagenesis in Laurentian Trough sediments[END_REF][START_REF] Rosenthal | Authigenic cadmium enrichments in suboxic sediments: Precipitation and postdepositional mobility[END_REF][START_REF] Mckay | Sedimentary redox conditions in continental margin sediments (N.E. Pacific) -Influence on the accumulation of redox-sensitive trace metals[END_REF].

Furthermore, Mo, which is soluble under suboxic conditions, undergoes complex chemical reactions involving thiomolybdates (e.g., MoS 4 2-

) in the presence of sulphide [START_REF] Crusius | Rhenium and molybdenum enrichments in sediments as indicators of oxic, suboxic and sulfidic conditions of deposition[END_REF][START_REF] Erickson | Molybdenum (VI) speciation in sulfidic waters. Stability and lability of thiomolybdates[END_REF][START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF], which lead eventually to Mo scavenging by pyrite [START_REF] Mckay | Sedimentary redox conditions in continental margin sediments (N.E. Pacific) -Influence on the accumulation of redox-sensitive trace metals[END_REF]. The precipitation of CdS and adsorption of Mo to pyrite within sediments then sets up porewater diffusion gradients for these elements with the rate of diffusion into sediments depending on the elemental concentration in bottom water and the depth in sediments (diffusion path length) at which precipitation is occurring; AVS/pyrite near the surface of the sediment implies a short diffusion path length and, therefore, rapid diffusion and rapid accumulation even in near-surface sediments [START_REF] Pedersen | On the natural enrichment of cadmium and molybdenum in the sediments of Ucluelet Inlet, British Columbia[END_REF]. This simple picture is rendered considerably more complicated by potentially slow kinetics of a component of the precipitation process, as evidenced by continued increases in solid-phase concentrations of redox elements like Cd, Re, U and Mo with depth in at least the top 50 cm of many sediment cores (e.g., see [START_REF] Crusius | Comparative behavior of aughigenic Re, U, and Mo during reoxidation and subsequent long-term burial in marine sediments[END_REF]Sundby et al., 2004, and Fig. 4). Total S, on the other hand, reflects the long-term capture of sulphides within sediments, including pyrite phases that do not dissolve under weak acid (Fig. 4). These phases become a long-term repository for redox metals that have either low sulphide solubility constants (e.g, Cd, Fe) or high adsorption coefficients (Mo).

Rhenium behaves differently than the redox sulphidophiles discussed above, in that it is mobilized in oxic sediments but can be fixed into the solid phase under suboxic conditions. The process of fixation, thought to involve reduction of Re(VII) to Re (IV) [START_REF] Colodner | The geochemical cycle of rhenium: a reconnaissance[END_REF], is reversible if oxic conditions return [START_REF] Crusius | Comparative behavior of aughigenic Re, U, and Mo during reoxidation and subsequent long-term burial in marine sediments[END_REF]. Fixation of Re, therefore, precedes the fixation of Mo or Cd, which involve sulphides [START_REF] Crusius | Comparative behavior of aughigenic Re, U, and Mo during reoxidation and subsequent long-term burial in marine sediments[END_REF].

Uranium also forms authigenic enrichments under suboxic conditions similar to those that sequester Re [START_REF] Cochran | The geochemistry of uranium and thorium in coastal marine sediments and sediment pore waters[END_REF].

In summary, the diffusion and authigenic accumulation of redox elements like Cd, Mo, Re and U from bottom water into sediments are controlled by redox conditions, which themselves are controlled by metabolizable OM. The length of the diffusion pathway between oxic bottom waters and suboxic or sulphidic pore waters in sediments, z, will generally decrease with higher organic loadings because these move the oxic-suboxic-anoxic boundaries closer to the sediment surface. A shorter path implies higher flux but, in the case of slow precipitation kinetics, the diffusion path length can be considerably extended. Also of importance will be the sedimentation rate (slow rates imply higher build-up [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF]) and porosity (high porosity implies low fraction of solids on which the build-up occurs). Armed with this general understanding of redox behaviour of the above tracers, we now turn attention to the chemical profiles in the seven GVRD cores.

GVRD-1

This site, chosen as a distal background site for the study, is far from any marine outfall and over 100 km from the large outfalls at Vancouver. Therefore, the enrichment of Ag in this core (Fig. 2) is, at first glance, surprising. There are two potentially widespread sources of contaminant Ag to Strait of Georgia -municipal outfalls, and the Britannia Mine in Howe Sound (late 1800s -1974), approximately 140 km away from GVRD-1 [START_REF] Drysdale | Geochemical behaviour of a buried marine mine tailings deposit, Howe Sound, British Columbia[END_REF].

Ag released via municipal outfalls or from mining activities is partly particulate and partly dissolved due to the formation of stable chloro-complexes in sea water, which favour the wider dispersal of Ag into the coastal sea (e.g., [START_REF] Luoma | Fate, bioavailability and toxicity of silver in estuarine environments[END_REF]. Thus it is likely that over the past 50 years Ag loadings to the greater Strait of Georgia from municipal wastewater or other anthropogenic sources like the Britannia Mine, have augmented dissolved Ag concentrations above the pre-industrial background. These higher Ag concentrations have then been transmitted

to basin water through mixing and vertical flux of, for example, the hard parts of diatoms which are known to sequester Ag [START_REF] Flegal | Silver in the eastern Atlantic Ocean[END_REF], and which also support much of the vertical flux in the central Strait (Johannessen et al., 2005b). At the sediment surface and within the sediments the silicate dissolves, releasing Ag, which may then diffuse into the sediment where it is immobilized in the anoxic zone (e.g., see [START_REF] Crusius | Mobility of authigenic rhenium, silver, and selenium during postdepositional oxidation in marine sediments[END_REF]. Thus, the processes of vertical flux, mixing and sequestration of Ag in sediments by diffusion to a reduced sink, which

support Ag enrichment at GVRD-1, occur without implying that reactive particulate OM from outfalls reaches the site. The general increase in Ag concentration toward the surface of GVRD-1 implies that detectable Ag contamination throughout the Strait of Georgia commenced approximately 50-60 years ago, in about the same time frame as local contamination commenced in the near-field surrounding outfalls [START_REF] Gordon | Sedimentary tracers of sewage inputs to the southern Strait of Georgia[END_REF]. Note, however, that the inventory of excess Ag is much smaller at GVRD-1 than near the outfalls (Table 3).

The Mn and S profiles imply that a full range of conditions exist in the sediment from oxic in the top few cm to sulphidic at depth. This core differs widely from all other cores in that it maintains high OC concentrations throughout, and exhibits almost no AVS build-up. The geochemical setting of this core is defined by low sedimentation rate (Table 2) and low OC oxidation rate (Table 4), which is manifest by sluggish biomixing. The maintenance of redox gradients in the core allows only a slow buildup in concentration of the suboxic-anoxic elements like Cd, Mo, U and Re relative to most other cores (Table 6). Judging this core solely by its elemental concentrations leads to a false impression that it is a more vigorous redox-sequestering site than most others: compare the GVRD-1 profiles for S, Cd, Mo, U and Re with those for the other cores in Fig. 4. The concentrations of Re and U are exceptionally high partly due to a high porosity (low solids concentration) and partly due to slow sedimentation rate, which allows a long time for element build-up. Likewise, Cd, Mo and S accumulate strongly in the solid phase, especially below the SML (7 cm) (Fig. 4). AVS may have been produced in this core, but due to the slow sedimentation rate, sufficient time has likely elapsed to convert it to forms not amenable to weak-acid leaching. As noted by [START_REF] Morse | Chemical dynamics of sedimentary acid volatile sulfide[END_REF], AVS exhibits extreme variability and is ephemeral, possibly because it exists in a dynamic state between production of iron sulphide mineral and its pyritization to forms not leached by weak acid.

This core certainly well illustrates the difficulty of assessing geochemical conditions in the sediment based solely on sediment concentrations or even concentration gradients. AVS does not appear to be a reliable indicator of the concentration of reduced elements, and certainly gives a different impression than S in this core. The OC profile in GVRD-1 (Fig. 3) shows that there is metabolizable carbon in the top 20-30 cm and this appears to maintain suboxic/anoxic conditions deep in the core, but according to Table 4 the inventory and OC oxidation rates are not exceptional. The high 15 N suggests that most of the OM at this site is recalcitrant, having been degraded under oxic conditions [START_REF] Lehmann | Preservation of organic matter and alteration of its carbon and nitrogen isotope composition during simulated and in situ early diagenesis[END_REF] with 14 N selectively removed during oxidation, and much of the degradation has probably occurred before the OM reached the sediment surface. The remaining, buried OM no longer contains much worth metabolizing or is, perhaps, protected by absorption onto fine mineral grains [START_REF] Hedges | Sedimentary organic matter preservation: an assessment and speculative synthesis[END_REF]. In keeping with the impoverished labile OM supply, this site also exhibits the lowest infaunal biomass of all core locations (Burd et al., submitted). Based on 13 C and C/N ratios, GVRD-1 contains the largest proportion of marine OM among all cores (Table 5). Despite the difficulty of interpreting the bulk properties at this site, the OC oxidation rate, which is low, far better accounts for the relatively low rates of sequestration for redox elements (Table 6).

GVRD-2

This sediment core, which is located at the entrance to Burrard Inlet (Fig. 2), is potentially in the zone of influence of Lions Gate outfall (12.4 km to the east) and Iona Island outfall (14 km to the south) according to the excess Ag inventory (Table 3). The site, which is also potentially exposed to organic loadings and metals from several sources including Greater Vancouver [START_REF] Yunker | Natural and anthropogenic inputs of hydrocarbons to the Strait of Georgia[END_REF], the Fraser River and marine primary production (Table 5), shows no obvious signal in the OC profile or OM composition ( 15 N, C/N) that would definitively implicate outfall loadings, although it does exhibit the third highest OC metabolic rate and the largest inventory of metabolizable OC (Table 4). The small inventory of Mn near the surface (Table 3) suggests that oxygen penetration into the sediment is weak; Cd, Mo, U, S and AVS all point to sulphidic conditions below the SML. The striking features in the redox markers for this core are the 'reverse' profiles for Re, which decreases with depth throughout the core, and U and Mo which also decrease with depth below the SML. Based on four sediment core profiles collected from the Gulf of St. Lawrence, analyzed in a very similar manner, [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF] proposed that slow sequestration kinetics together with diffusion must be invoked to explain why elements like Cd, Re, Mo and U normally tend to increase with depth in sediments down to at least 50 cm, and certainly we see the same sorts of increases in most of the other GVRD cores (Fig. 4).

We speculate that recent enhancement in the sequestration of Re, U and Mo may have produced the reversed profiles in GVRD-2, which would imply a recent increase in labile OM loading. The most plausible source of such loading would be the Lions Gate outfall, which was constructed in 1966 and/or the Iona deep outfall constructed in 1988. These same OC loadings might also be invoked to explain part of the high inventory of metabolizable OC in this core, although the shallow water column also allows for higher natural marine OC fluxes. If increased OC loadings commencing in 1966 are the cause of the reversed profiles, then some portion of the dissolved Re, Mo and U must undergo reasonably rapid deposition in the top part of the core, and certainly more rapid than the slow sequestration proposed by [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF] to explain deep core increases. The relatively large mixing rate in the SML (Table 2) further supports the notion that the sediments at GVRD-2 are actively foraged in response to metabolizable OM. [START_REF] Lovely | Microbial reduction of uranium[END_REF] proposed that the sequestration of authigenic U was mediated microbially; the high inventory and flux of U (Tables 3 and6) at GVRD-2 may, therefore, also be a product of the apparent availability of reactive OC at this site.

GVRD-3

From the perspective of identifying whether particulate organic matter (POM) from municipal outfalls can be detected in altered sediment diagenetic redox reactions, GVRD-3 clearly provides the best test case because it is located only 0.54 km north of the Iona Island diffuser, a region projected to experience maximum particulate deposition from the outfall plume [START_REF] Hodgins | A Re-evaluation of Iona Effluent Solids Deposition Based on Sediment Grain Size Characteristics[END_REF], Fig. 1). The surface sediment Ag contours, the vertical profile and inventory for Ag (Fig. 2, Table 3), the 15 N depression in the SML (Table 5), and the high OC flux strongly implicate recent additions of municipal POM. A quantitative estimation of the influence of municipal outfall particulates is difficult to make using only the 15 N composition because of the variation within this core and among cores (Table 5). These variations imply that natural 15 N derives from at least two different sources (marine (8-10‰) and terrigenous (1.5-3‰); and see Johannessen et al. (2005b); [START_REF] Calvert | Geochemical and isotopic evidence for postglacial palaeoceanographic changes in Saanich Inlet[END_REF]). For GVRD-3, the shift in 15 N in the top 15 cm of the sediments (Table 5) can be viewed as recently added loadings from the outfall to sediments that comprise a mixed terrigenous-marine nitrogen source.

The surface layers show no Mn enrichment, and the slightly lower concentrations in the SML (498 ±5 g g -1 ) than deeper in the core (540 ±6 g g -1 ) suggest that a recent increase in metabolizable OC loading may have driven Mn 2+ out of the sediments (Fig. 4) or that there has been recent increase in particle loadings from a source containing low Mn concentration. AVS builds up quickly in this core suggesting that sulphide is produced within 1-2 cm of the sediment surface (Fig. 4).

The only abnormal profile in the redox markers shown on Fig 4 . for this core is Cd, which shows a marked build-up within the SML (note that Ag also shows build-up in the SML (Fig. 2)).

There are two possible explanations for high Cd concentrations at the top of the GVRD-3, one being enhanced deposition of Cd as sulphide (CdS) due to increased OM loading with consequent sulphide production/Cd precipitation, and the other being Cd contamination derived directly from municipal outfall particulates. The first explanation, while having immediate appeal, seems implausible especially if the Cd sequestration via precipitation is slow as proposed by [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF]; the Cd-enriched zone has been deposited predominantly during the past ~20 years.

Furthermore, there is no evidence of an increase in any of the other redox tracers in the surface layer -in fact, they all decrease slightly, which leaves the Cd behaviour distinctly odd. The sediment cores at the other GVRD stations and the St. Lawrence box cores collected by [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF] all support the point of view that the Cd build-up at this station relates to something other than redox chemistry.

The second explanation is that Cd enrichment at this core site reflects recent contamination from sewage particles themselves and this mechanism is supported by the Ag profile which also shows SML enrichment (Fig. 2; Table 3). Effluents from municipal outfalls contain a wide variety of anthropogenic contaminants, but previous attempts to use metals other than Ag to identify outfall particulates have not been successful in the Strait of Georgia (e.g., see [START_REF] Dunn | Geochemistry of seafloor sediments from the Strait of Georgia, British Columbia[END_REF] leading to the conclusion that heavy metals contamination from outfalls is minor. Here we will examine the Cd-Zn metal pair to evaluate whether municipal outfall particulates provide a plausible explanation for the observations at GVRD-3. For this core, the average concentrations in the SML for Cd and Zn are 0.34 g g -1 and 99 g g -1 respectively, yielding a Zn/Cd ratio of about 291 (Fig. 5). These concentrations may be compared with background values, prior to installation of the deep outfall in 1988, of 0.17 g g -1 and 112 g g -1 respectively (Zn/Cd ~ 660), observed between 20 -40 cm in the core where concentrations appear almost invariant with depth (e.g., Fig. 4 Cd profile (Zn not shown) and Fig. 5). Based on measurements made at Iona and Lions Gate in 1997 (n = 4 at each) and at Lions Gate in 2006 (n = 12), the Zn/Cd ratio in Greater Vancouver effluent is ~105-128. Solving the simultaneous equations implied by these observations, we find that the SML composition can be produced by mixing background particulates with outfall particulates in the ratio of 65:35 with the outfall particulates containing 0.65 g g -1 Cd and 78 g g -1 Zn. The implication of these estimates is that the sedimentation rate at this site would have to have increased by ~35% in response to the installation of the deep outfall, which agrees with model results showing a 25% sedimentation rate increase near this site [START_REF] Hodgins | A Re-evaluation of Iona Effluent Solids Deposition Based on Sediment Grain Size Characteristics[END_REF] following installation of the outfall pipes. The 210 Pb profile (Fig. 3), however, sheds little light on any recent sedimentation increase, which would be confounded by mixing processes in the SML.

With regard to OM forcing at this site, this core supports the highest organic carbon oxidation rate (12 mg C cm -2 yr -1 ; Table 4), and the depression in 15 N in the top 15 cm (2.5‰ compared to 3.8‰ deep in the core) implies that there has recently (~ last 20 years) been a considerable addition of OM carrying a low 15 N signal (= 2.5‰), which points to primary-treated sewage [START_REF] Sweeney | Tracing flocculent industrial and domestic sewage transport on San Pedro shelf, southern California, by nitrogen and sulphur isotope ratios[END_REF][START_REF] Spies | Stable isotope ratios and contaminant concentrations in a sewage-distorted foodweb[END_REF] or, possibly, nitrogen fertilizers used for agriculture in the Fraser Valley [START_REF] Wassenaar | Evaluation of the origin and fate of nitrate in the Abbotsford Aquifer using the isotopes of 15N and 18O in NO 3[END_REF]. The proximity to the GVRD outfall together with the change from shore disposal to a deep outfall pipe (60-90 m) in 1988 at Iona provide strong circumstantial evidence pointing to the Iona outfall source but, unfortunately, there are no data for 15 N in municipal particulates. If we accept Cd enrichment to derive from outfall particulates at this site, then it is not surprising that Cd and 15 N strongly correlate with one another ( 15 N = 4.98 -7.10 × Cd; r 2 = 0.91, = 18; p<0.001). Furthermore, the outfall particulate assignment for Cd (0.65 g g -1 ) implies that outfall OM must have a 15 N of ~0.4 ± 1.0 ‰ with, again, the implication that ~35% of the OM arriving at the surface of GVRD-3 derives from the deep outfall. Exceptional inventories and fluxes of U (Tables 3 &6) add weight to the notion that this site has an active microbial community which is presently being fed in large part by metabolizable outfall particulate organics.

GVRD-4

This core is difficult to interpret because the 210 Pb profile provides no secure basis of dating (Fig. 3; Table 2), and the redox profiles are noisy near the sediment surface. The Ag profiles (and possibly 15 N) suggest that this site receives outfall OM (either from Iona Island or from Annacis Island (Fraser River), or agricultural OM via the Fraser River. Nevertheless, the metabolizable OC inventory is small over the depth of the core.

This core exhibits moderate redox activity on the suboxic/anoxic side based on the inventories (Table 3). There is no evidence of recent change in the core, but the organic composition (Table 5) suggests that this site receives an even mix of terrestrial and marine components. High sedimentation rates at this site would tend to reduce the time frame over which authigenic elements could accumulate so that we would expect at best muted signals in this core, even if fluxes of redox elements are comparable to other sites.

GVRD-5

GVRD-5, which is located well out in the main basin of the Strait, was collected at the deepest site (388 m) in this study. It exhibits a relatively high sedimentation rate and a SML with relatively low mixing (Table 2). Oxidizable OC at this site is not especially high, and the source of the carbon is weighted toward the marine (~66%). The lack of any strong Ag signal (Fig. 2) or 15 N trends in the core, suggest that municipal outfall particulates do not directly play a strong role at the site. Furthermore, the higher sedimentation rate, deeper SML and higher Mn enrichment suggest that conditions to form a detectable Ag signal like that observed at GVRD-1 are not present. The relatively high inventory of excess 210 Pb (2 to 3 times most other sites)

indicates sediment focussing at this site.

GVRD-5 appears to be fed by a modest flux of reworked marine OM, based on the high 15 N values, which supports an exceptionally clear redox zonation from Mn enrichment to AVS production in the top 5 cm of the core. Mo may reflect enrichment associated with precipitated manganese oxides near the sediment surface and S/AVS below about 10 cm. This would explain the dichotomy between Mo enrichments and a lack of Cd, Re and U enrichments in this core. The latter three elements experience a 10 cm SML, which is at least occasionally oxic as shown by Mn enrichment, through which they must diffuse to precipitate in the sulphide zone as marked by AVS. On the other hand, Mo is sequestered by Mn oxides such that when the Mn is reduced near the bottom of the SML and remobilized, the Mo can then efficiently transfer to pyrite phases, which increase below about 10 cm.

GVRD-6

This core exhibits the highest sedimentation rate (except, probably, for core GVRD-4), an exceptionally large 210 Pb inventory (Table 2) and a large OC burial rate, implying extraordinary focussing of inorganic and OM at this location. The deep SML (12 cm) together with high mixing coefficient (20 cm 2 yr -1 ) (Table 2) imply active foraging, which is supported by the large oxidation rate estimated for this site (Table 4). In keeping with the enriched supply of OM through focussing, this site has unusually high infaunal biomass considering the depth (187 m) of this station (Burd et al., submitted). GVRD-6 likely receives resuspended sediments both from the Fraser delta slope and from inflowing water which is vigorously mixed to resuspend sediments in the Gulf Island passages (see Johannessen et al., 2005b;[START_REF] Johannessen | Spatial and temporal patterns of light attenuation in waters of the Strait of Georgia, Haro Strait and Juan de Fuca Strait: Implications for particle transport and cycling[END_REF].

As was the case for GVRD-5, the OM in this core is strongly marine (~70%) and little influenced by municipal particulates based on 15 N and Ag (Table 5; Fig. 2).

The GVRD-6 core provides an excellent contrast with the GVRD-1 core given the large differences between the two sites in sediment accumulation rate (2.7 vs 0.078 g cm -2 yr -1 ) and OC oxidation rate (8.6 versus 0.7 mg C cm -2 yr -1 ). Only a small amount of excess Mn is held near the top of both cores (Table 3), implying that despite the relatively high OC oxidation at GVRD-6, there remains a surface oxic zone probably supported by the rapid addition of new inorganic material. In this case, Mn proves an unreliable indicator of OC oxidation rate. The other redox markers are almost constant down the core GVRD-6, and at considerably lower concentration than observed at GVRD-1. Apparently, the high sedimentation rate tends to overrule high concentration build-up for this core, but the actual fluxes of sequestered elements are large for S, Cd, U and Re, as one might expect considering the active OC oxidation rate. The rapid sedimentation rate together with OC metabolism provides an active conveyor belt to burial at GVRD-6. The exception is Mo, which exhibits the lowest sequestration rate of all cores.

ACCEPTED MANUSCRIPT

GVRD-7

GVRD-7 is also from deep water (233 m) but is located close to the Fraser Delta (Fig. 1). This core has a moderate sedimentation rate but exhibits no evidence of the focussing seen at GVRD-6 (Table 2). As a consequence, this core contains only a small OC inventory, little metabolizable OC and a very weakly mixed SML (Tables 2 &4) which agrees with the low invertebrate biomass observed at this site (Burd et al., submitted). The OM reaching this site is 60% marine.

The prominent feature that sets this core apart from the others is the discontinuity between approximately 10 and 20 cm, which is evident in the excess 210 Pb profile (Fig. 2), low Mn values (with a high value at the bottom of the zone), and below the 210 Pb minimum are found high S, Mo, Re and U concentrations (Fig. 4). The porosities (not shown) also are anomalously low in this depth range. The most plausible explanation for this feature is a rapid sedimentation event (sediment slump), similar to that observed by [START_REF] Macdonald | Accumulation of heavy metals (Pb, Zn, Cu, Cd), carbon and nitrogen in sediments from Strait of Georgia, B.C., Canada[END_REF], which has buried an old surface and contributed a rapid pulse of new sediment containing OM. The higher Mn concentration at the bottom of the slump is easily explained as a buried, Mn-enriched surface (converted to carbonate) and, above the slump, Mn enrichments are associated with the modern surface (top 5 cm). Within and below the slump, there are clear enrichments of Mo, Re and U suggesting that sediments within the slumped layer remained suboxic as sedimentation (0.3 cm yr -1 ) slowly covered it. Based on the sedimentation rate, the slump occurred 20-30 years ago which suggests that the observed enrichments have occurred within that time frame. The Cd profile is almost vertical within this region, suggesting that conditions for its enrichment did not occur. However, it is possible that the coarse turbidite in the slump had lower background Cd values and that enrichment, like those observed for Re, Mo, and U has simply 'filled in' this region of the core. Unfortunately, we have no AVS data for this core from which to evaluate recent S precipitation.

GVRD-7 appears to be at the low end of the OM flux spectrum as reflected by most of the redox markers, which show little or no enrichment deep in the core, a recent surface layer enriched in Mn oxides, and a low biomass (Burd et al., submitted). The OM contained within the slump has interrupted the redox steady state with the consequence that elements have been precipitated in the suboxic and/or sulphidic layer defining the slump. Nevertheless, the inventories and average fluxes in this core are similar to those for GVRD-2, which has a comparable sedimentation rate, suggesting that the slump has not had any significant effect on the overall redox processes although it has clearly reshaped the deposition within the core. S is an exception; the enrichments deep in the core, which are second only to GVRD-1 (Fig. 4), suggest that the slump may have resulted in a much greater role for sulphate reduction.

Comparison of the GVRD core sites

The settings of these cores vary widely, from GVRD-1, which receives predominantly marine reworked OM accumulating very slowly, to GVRD-5 and -7, which receive both marine and terrigenous material with intermediate sedimentation rates, to GVRD-6, which has exceptional amounts of sediment and organic carbon focussed into it, to GVRD-3 and -2, which are receiving significant inputs of municipal outfall particulate OM. The wide range in natural settings renders it difficult to tease out the effects of modest amounts of added labile OM at any given site. One other study, [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF], has examined redox elemental distributions in coastal and estuarine sediments in a way that enables direct comparison with the flux estimates made for the Strait of Georgia study. We note that for low sedimentation rates (0.03 to 0.64 g cm -2 y -1 ) and low organic metabolic rates (0.2 -2.2 mg C cm -2 y -1 ), both studies produce surprisingly similar results in the rates of redox element sequestration, with the Strait of Georgia results generally exhibiting higher rates for Mo, Cd, Re and U, although ranges do overlap. In particular, GVRD-2, one of the sites likely to be receiving OM input from outfalls, does not stand out as abnormal in the average fluxes of redox markers with the possible exception of the relatively high rate of U sequestration.

The two stations with high sedimentation rates (GVRD-3 and -6) add a new dimension. Here, it is clear that all of the fluxes, including OC metabolism, sulphate reduction and elemental sequestration are much greater than those for the low-range sedimentation sites with the noteworthy exception of Mo. In examining the total data set for the Strait of Georgia (omitting GVRD-4 for which we have no flux data) and the Gulf of St. Lawrence, we find strong correlations between Cd, Re, U fluxes and sedimentation rate (r 2 > 0.81, n = 10, p < 0.005).

Including only the GVRD data set, and adding OC metabolism, we find only U correlates significantly with OC (r 2 = 0.91, n = 6, p <0.005). Molybdenum is distinct, and does not correlate significantly with any other parameter largely because it accumulates strongly at GVRD-5 and

does not accumulate at GVRD-6, strongly opposing the other redox elements. [START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF] concluded that slow kinetic reactions must be at play to explain Cd, Re, U and Mo profiles exhibiting increases with depth in cores, and our observations for the slow sedimentation sites fall into the same pattern. The significant correlation between sedimentation rate and Cd, Re and U for our data set, however, suggests that there must also be a component of sequestration that rapidly places these elements into the particulate phase; that is, there is no reason to see why rate of diffusion would be faster for sediments that are accumulating faster unless at least part of the sequestration takes place rapidly toward the sediment surface. Further evidence of rapid sequestration (decadal scale) can be seen in GVRD-7 where the response to a turbidite layer has been to produce noteworthy peaks in Mo, U and Re within ~30 years.

Conclusions

The primary intention in this paper was to evaluate the potential for redox tracers to indicate the effect of added OM loadings from municipal outfalls to Strait of Georgia sediments, and also to produce a background set of sediment core data against which future change could be evaluated. The variety and range of redox conditions evident in the GVRD core collection makes this task difficult. Clearly, the natural setting of the Strait of Georgia provides a range of sites, some of which will have higher OC flux to sediment surface (e.g., GVRD-6) than exhibited at GVRD-3, the impacted site. The impacted site at GVRD-3, however, has the highest OC oxidation rate observed in our cores, and this likely reflects enhanced loading of labile OC from the municipal outfall 0.5 km away. Clearly, the natural variability observed in the cores collected for this study suggests that added labile OC loadings will have different effects depending on the site. The redox markers at GVRD-3 do not show significant changes that can be assigned to this extra organic carbon, and the only clear signal in redox elements seen at GVRD-3 appears in the Cd profile. Based on other data ( 15 N, Zn/Cd ratio) we find this signal likely to derive from Cdenriched outfall particulates -that is, contamination -and not from organic forcing.

Our findings here suggest that sediment profiles for a suite of redox markers (Mn, Cd, Re, Mo, U, AVS, S) can be used to infer redox zonation in sediments and, given inventories and sedimentation rate data, these can be used to assess the average sequestration rates over the lifetime of the sediment column captured by the corer. The contrast between two stations distant from outfalls, GVRD-1 (slow sedimentation rate, low OC oxidation rate) and GVRD-6 (high sedimentation rate, high OC oxidation rate), is instructive. Concentration profiles of redox elements by themselves may be misleading in that these are strongly affected by sedimentation rate and sediment porosity, but these problems can be overcome by dating the cores and evaluating fluxes in common units. The build-up in various redox element concentrations (Mo, Cd, U, Re, S) at GVRD-1 suggests, at first glance, that this core has very active sequestration compared to GVRD-6 which exhibits much lower concentrations. Furthermore, the OC contents in the sediments of the respective sites nicely agree with this image, with much higher OC concentrations observed at GVRD-1 (3 -4% compared to 1.1 -1.4%). However, when the sedimentation rates are taken into account, it becomes clear that high porosity and slow sedimentation rate at GVRD-1 develop an excellent signal in the redox marker concentrations, but the site actually supports low OC oxidation rates, because most of the OC is recalcitrant, and low redox element sequestration rates. Viewed in this context, the two sites, GVRD-2 and -3, likely receive municipal outfall particulates directly as indicated by Ag. Of these two sites, GVRD-3 appears to have enhanced OC oxidation rates and both sites exhibit large inventories of U, which may be a response to the abundance of reactive OM and attendant microbial activity [START_REF] Lovely | Microbial reduction of uranium[END_REF][START_REF] Sundby | Comparative geochemistry of cadmium, rhenium, uranium and molybdenum in continental margin sediments[END_REF]. The reversed profiles for Re, U and Mo at GVRD-2, which increase toward the sediment surface, might be produced by enhanced OM loadings following 1966, when the Lions Gate outfall was constructed, but for neither GVRD-2 nor GVRD-3 is there a compelling image of disturbance written in the redox elements.

The sequestration of Ag at GVRD-1, which is over 100 km from the Iona outfall, suggests that care is also needed in selecting the domain over which to use Ag as a sewage particle tracer, as proposed in a number of studies. The general contamination of the Strait of Georgia by anthropogenic Ag appears to support higher Ag fluxes to the sediments at this distal site. The Ag concentration signal is likely enhanced at this site but, as discussed for other redox tracers, the inventory of contaminant Ag remains low, which distinguishes this site from ones close to Ag sources. View [START_REF] Schlitzer | Ocean Data View[END_REF]using the VG gridding algorithm. Cd, Mo, U and Re. Note scale changes on some panels (Mn -GVRD-5; S -GVRD-1; Cd -GVRD-1; U -GVRD-1 and -6 and -7; Re -GVRD-1). AVS data for GVRD-7 are not available. .5 a sedimentation and mixing rates for core GVRD-4 could not be determined accurately from the 210 Pb data. Table 3. Inventories ( g cm -2 ) of redox markers in the GVRD sediment cores calculated from sediment profiles using background values ( g g -1 ) of: Ag -0.1; Mn -400; AVS -0; S -1500; Cd -0.10; Mo -1; U -1.2; Re -0.0023. a Due to the difficulty in assigning sedimentation rate to this core, fluxes were not calculated. OC loss in sediments was estimated from 210 Pb-derived sedimentation rate and the OC vertical profile in each core by assuming that decrease in %OC with depth is a first-order process and that oxidation ceases at the depth in the core below which %OC does not change. 0.62 20 9.57 ± 0.23 -23.10 ± 0.06 5.22 ± 0.05 0.62 a Estimated using average C/N ratio and 13 C composition together with end-member assignments of C/N marine = 6.2, C/N terrestrial = 90, 13 C marine = -19.7 ‰, 13 C terrestrial = -25.0 ‰ [START_REF] Macdonald | Accumulation of heavy metals (Pb, Zn, Cu, Cd), carbon and nitrogen in sediments from Strait of Georgia, B.C., Canada[END_REF]. S (µg g ) -1
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  terr /(C/N) terr +F mar /(C/N) mar = 1/(C/N) obs refer to terr -terrigenous, mar -marine, and obs -observed. Following Macdonald et al. (1991) we use here the following values; C/N marine = 6.2, C/N terrestrial = 90, 13 C marine = -19.7‰, 13 C terrestrial = -25.0‰.
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 1 Fig. 1. A chart showing the study area and the locations of the seven box cores.

Fig. 2 .

 2 Fig. 2. A map of Ag concentration in surface sediments (contours constructed from data produced by Gordon (1997)) together with locations of the GVRD box coring sites. Sediment profiles of Ag for the seven GVRD sites are shown in the panels. Data were contoured within Ocean Data

Fig. 3 .

 3 Fig. 3. Vertical profiles of ln (excess 210 Pb) (closed circles) and percent organic carbon (open circles) for the seven box cores.

Fig. 5 .

 5 Fig. 5. Vertical profile of the Zn/Cd ratio at GVRD-3 showing the recent change in the upper core attributed here to municipal particulates.
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Table 1 .

 1 Sediment core collection locations, water depths and dates of collection

	Station	Latitude	Longitude	Water	Date of
	name	(˚N)	(˚W)	Depth	Collection
				(m)	
	GVRD-1	49˚ 35.515'	124˚ 38.282'	169	June 2003
	GVRD-2	49˚ 19.902'	123˚ 18.517'	76	June 2003
	GVRD-3	49˚ 12.467'	123˚ 17.991'	83 December 2002
	GVRD-4	49˚ 07.778'	123˚ 18.718'	84 December 2002
	GVRD-5	49˚ 09.877'	123˚ 32.731'	388 December 2002
	GVRD-6	48˚ 56.192'	123˚ 18.812'	187	June 2003
	GVRD-7	49˚ 03.340'	123˚ 22.162'	233 December 2003

Table 2 .

 2 Sedimentation rates and surface mixing in sediment cores modeled from 210 Pb profiles (profiles shown in Figure3).

	Core Designation	Supported 210 Pb (dpm g -1 )	Excess 210 Pb Flux (dpm cm -2 yr -1 )	Excess 210 Pb Inventory (dpm cm -2 )	Sedimentation velocity (cm yr -1 )	Sediment accumulation rate (g cm -2 yr -1 )	Surface mixed layer depth (cm)	Mixing rate in upper layer (cm 2 yr -1 )
	GVRD-1	0.67	1.4	45	0.25	0.078	7	3
	GVRD-2	0.87	4.2	134	0.35	0.26	10	15
	GVRD-3	0.55	3.8	121	1.2	1.3	7	20
	(outfall) a GVRD-4	1.76		unknown	unknown (> 3)	unknown (fast)	unknown	unknown
	GVRD-5	0.86	9.0	288	1.1	0.64	10	5
	GVRD-6	0.58	65	2080	2.9	2.7	12	30
	GVRD-7	0.68	2.5	80	0.30	0.32	12	0

Table 4 .

 4 Organic carbon fluxes, losses and burial in GVRD sediment cores.

		Ag	Mn	AVS	S	Cd	Mo	U	Re
	GVRD-1	0.67	43	350 110000	4.5	73.8	34.1	0.22
	GVRD-2 GVRD-3	6.6 10.2	32 0	1810 33390	25000 50400	3.5 2.6 a	115.1 150.5	33.0 30.6	0.061 0.043
	GVRD-4	1.1	?	10450	21900	2.1	139.3	11.4	0.017
	GVRD-5	-	409	25650	43000	1.3	154.5	10.3	0.023
	GVRD-6	-	82	16300	31400	5.4	1.8	13.4	0.032
	GVRD-7	-	312 No data	157000	2.3	84.5	16.7	0.071
	a Corrected for contaminant Cd						

Table 5 .

 5 Average sediment core properties for organic matter composition

	Core	Average	Number of	Average C/N ± SE	Average 13 C ±	Average 15 N ±	a F marine
	designation	Porosity ( )	Samples (n)		SE	SE	
	GVRD-1	0.91	22	8.08 ± 0.06	-20.95 ± 0.10	6.46 ± 0.05	0.75
	GVRD-2	0.76	20	10.84 ± 0.18	-23.96 ± 0.05	4.48 ± 0.04	0.53
	GVRD-3	0.71	20	9.79 ± 0.14	-24.47 ± 0.03	3.12 ± 0.14	0.60
	GVRD-3 (top)		10	9.71 ± 0.26	-24.47 ± 0.04	2.56 ± 0.09	0.60
	GVRD-3 (bottom)		10	9.78 ± 0.12	-24.51 ± 0.05	3.79 ± 0.06	0.60
	a GVRD-4	0.60	18	11.10 ± 0.11	-24.69 ± 0.03	3.44 ± 0.03	0.52
	GVRD-5	0.79	21	9.02 ± 0.15	-22.77 ± 0.04	5.61 ± 0.05	0.66
	GVRD-6	0.72	20	8.33 ± 0.04	-22.18 ± 0.06	5.64 ± 0.03	0.72
	GVRD-7						

Table 6 .

 6 Rates of sequestering redox elements ( g cm -2 yr -1) under reducing conditions.

	Core	AVS	S	Cd	Mo	U	Re
	GVRD-1	1.88	584	0.024	0.39	0.181	0.00129
	GVRD-2	15.9	222	0.031	1.01	0.290	0.00059
	GVRD-3	938	1418	0.074	4.23	0.861	0.00136
	GVRD-4	na	na	na	na	na	na
	GVRD-5	568	951	0.028	3.42	0.228	0.00055
	GVRD-6	1161	2236	0.384	0.13	0.956	0.00249
	GVRD-7		1066	0.017	0.62	0.123	0.00058
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