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H I G H L I G H T S

• Municipal wastewater fluxes are compared to regional geochemical budgets.
• Wastewater contributes b1.5% of organic C, N, and oxygen demand in the Strait.
• Wastewater contributes b10% of metals and PCBs captured in the sediment.
• Wastewater contributes about 60% of PBDEs captured in the sediment.
• Effects on benthos are limited to 1–10 km and result from organic carbon flux.
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To predict the likely effects of management action on any point source discharge into the coastal ocean, it is es-
sential to understand both the composition of the effluent and the environmental conditions in the receivingwa-
ters. We illustrate a broadly-applicable approach to evaluating the comprehensive environmental footprint of a
discharge, using regional geochemical budgets and nearfieldmonitoring.We take as a case studymunicipal efflu-
ent discharged into the Strait of Georgia (west coast of Canada),where there has beenpublic controversy over the
discharge of screened or primary-treated effluent directly into the ocean.Wastewater contributes≤1% of the ni-
trogen, organic carbon and oxygen demand in the Strait and is unlikely to cause eutrophication, harmful algal
blooms or hypoxia in this region. Metals (Hg, Pb, Cd) are controlled by natural cycles augmented by past mining
and urbanization, with 0.3–5% of the flux contributed by wastewater. Wastewater contributes ~5% of PCBs but
≤60% of PBDEs and is likely also important for pharmaceuticals and personal care products. Effects of high organ-
icfluxonbenthos aremeasurable in the immediate receiving environment. The availability of particle-active con-
taminants to enter the food chain depends on how long those contaminants remain in the sediment surface
mixed layer before burial. Secondary treatment, slated for completion in Vancouver in 2030, will reduce fluxes
of some contaminants, but will have negligible effect on regional budgets for organic carbon, nitrogen, oxygen,
metals and PCBs. Removal of PBDEs from wastewater will affect regional budgets, depending on how the sludge
is sequestered.

© 2014 Published by Elsevier B.V.

1. Introduction

The coastal ocean links land with the open sea. Geochemical cycles
driven by global-scale circulation are augmented in coastal waters by

discharges fromhuman activities on land that can have profound effects
on local ecosystems. With limited resources managers have to decide
how to prioritize possible actions to limit the effects of those activities.

Municipal wastewater is one highly visible discharge that carries a
complexmixture of contaminants. In some parts of the world wastewa-
ter discharge has led to eutrophication, harmful algal blooms, hypoxia,
extinctions of bottom fauna and fish mortality (Islam and Tanaka,
2004). However, the effects of wastewater discharge are not the same
everywhere. For example, phosphates in household wastewater can
have dramatic effects on lakes, causing eutrophication and harmful
algal blooms, while anthropogenic phosphate has little effect onmarine
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ecosystems, where productivity is more often limited by nitrate
(Correll, 1998). Similarly, wastewater can affect one coastal sea differ-
ently from another, depending on processes occurring in the receiving
environment. Consequently, management actions that are developed
for one area, such as introducing a particular level of wastewater treat-
ment, might not have the anticipated effect when applied to another.

The purpose of this paper is to present a blueprint for a comprehen-
sive and specific analysis of the effects of a point-source discharge that
can be applied to any coastal setting, taking into account both thepoten-
tially harmful characteristics of the effluent and the local characteristics
of the receiving environment that may amplify or reduce harm.We use
regional geochemical mass balance budgets, together with a local mon-
itoring programme, to determine the total effect on the environment, or
environmental footprint, ofmunicipalwastewater in a particular coastal
sea,with the ultimate aim of informing local management action.We il-
lustrate this type of analysis, taking as a case study the discharge of mu-
nicipal wastewater into the Strait of Georgia, a semi-enclosed sea on the
west coast of Canada bordered by two metropolitan areas.

Metro Vancouver (population 2.3 million; 2011 census) and
Victoria's Capital Regional District (population 0.36 million) together
treat and discharge approximately 5 × 1011 L of municipal wastewater
each year into the Strait of Georgia, through 5 treatment plant outfalls

near Vancouver and 3 outfalls near Victoria (Fig. 1). Wastewater is
also discharged into the Strait from the smaller cities of Nanaimo,
Comox and Campbell River, as well as from the Gulf Islands. The waste-
water contains nutrients (N, P), organic carbon, persistent organic pol-
lutants, metals, pharmaceuticals and pathogens. Because the effluent
at some sites is treated only to primary level (including a settling
step), and at two sites is only screened (Table 1), local environmental
organizations have raised concerns about the potential for municipal
wastewater to pollute and cause eutrophication in the Strait of Georgia.

As a relatively deep coastal sea (max depth 420 m) with restricted
circulation, the Strait of Georgia might seem particularly vulnerable to
contamination and to the development of hypoxia or even anoxia in
the deep basins, driven by the discharge of nutrients, organic carbon
and other contaminants near the surface. However, the effects ofmunic-
ipal wastewater are modified by local circulation, sedimentation and
biogeochemical cycles. In addition, wastewater discharge is only one
of many pathways of material to the Strait of Georgia: others are rivers,
atmospheric deposition, exchange with the Pacific Ocean, and other an-
thropogenic discharges (pulp mills, aquaculture, ocean dumping).

We use geochemical mass balance budgets for components of mu-
nicipal wastewater to assess the regional contribution of the discharge,
comparing components that have large, natural cycles with those that

Fig. 1. Study area, showing municipal wastewater outfalls (black triangles) and sediment core locations (quartered circles numbered 1–7).
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