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Greenhouse gases from human-impacted rivers and estuaries

Abstract

There is growing global concern that greenhouse gas (GHG) emissions from water bodies are
increasing because of interactions between nutrient levels and climate warming. This thesis
investigates three types of aquatic systems, rivers, estuaries and mine water outflows to determine
key sources and controls on GHGs in these environments. Riverine systems were studied by
consideration of land-cover, seasonal and hydrological controls of GHGs, by comparison of the semi-
natural, agricultural and urban environments in a detailed source-to-sea study of the River Clyde,
Scotland, home to one third of Scotland’s population. Estuarine systems, some of the most sensitive
ecosystems to ecological degradation, were investigated by consideration of GHGs from estuaries
across the UK and by a detailed investigation of the urban, mesotidal, stratified Clyde estuary.
Surveys of the Clyde estuary were made longitudinally, through tidal-cycles and across the river-
estuary transition. Mine waters, which can be the dominant pollutant source in mining catchments,
were studied by measurement of mine water outflows from sixteen sites across the Midland Valley,
Scotland, including radiogenic and stable carbon isotopes measurements to determine the sources
of dissolved methane (CHi) and carbon dioxide (CO;). GHG concentrations were consistently
oversaturated with respect to the atmosphere. Concentrations of CH4-C ranged from 0.1 to 44 pg It
in the riverine environment, 1.2 to 132 pg It in estuarine waters and 20 to 215 pg It in mine waters.
Concentrations of CO»-C ranged from 0.1 to 2.6 mg It in the riverine environment and 30 to 120 mg
I* in mine waters. Concentrations of nitrous oxide (N,O-N) ranged between 0.3 - 3.4 pg I in the
riverine environment, 0.4 to 5.9 ug I'tin estuarine waters and 0.4 to 5.3 pg I'* in mine waters.

In the riverine environment high concentrations of CHs were primarily associated with point source
inflows from urban wastewater (UWW) treatment, abandoned coal mines and lakes. Concentrations
of CO; and N,O were mainly driven by nitrogen concentrations, dominated by diffuse agricultural
inputs in the upper catchment and supplemented by point source inputs from UWW in the lower
urban catchment. Across the UK, estuarine GHG concentrations were highly correlated with UWW
loading although the estuarine environment was highly variable. In the Clyde estuary persistent low
river flows, increased freshwater flushing times, which impacted nutrient concentrations (primarily
from UWW), salinity, and oxygen levels. Nitrogen processing in the upper freshwater layer occurred
via nitrification, while in the lower saline layer denitrification dominated, quadrupling the N,O per
unit available nitrogen with a significant inverse exponential correlation with dissolved oxygen.
Methanogenesis in the estuarine surface waters was stimulated by a small (0.5 ppt) increase in
salinity and positively correlated with water turbidity, however CHs concentrations near the bed
reduced exponentially with salinity persistence (continuously saline water > 5ppt) by about 50%
after 10 days but were reinvigorated by freshwater flushing. Mine water CH4 composition included
51% modern biogenic, 41% thermogenic and 8% from methanogenesis of coal. Biogenic CHs4
concentrations were inversely correlated with sulphate. Mine water CO; included 64% from the
dissolution of limestone, 21% from terrestrial organic carbon and 15% from coal, with sulphate
increasing the dissolution of limestone.

This study improves our understanding of aquatic GHG generation and dynamics, which contributes
to our knowledge of their release to the atmosphere. GHGs were primarily associated with different
sources of pollution including UWW, agriculture and legacy industry, and increased by interactions
with physical conditions such as low river flow and low oxygen conditions with temperature a
secondary cause. It identifies where actions could support reductions in aquatic GHG generation.
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Definitions and abbreviations

The following are used within the text.

Definitions

Estuary residence time -

The average time an initially existing water parcel resides in the estuary
before being flushed out.

Freshwater flushing time - The time required to replace the existing freshwater in the estuary at a

A¥MC

8C

Percentage modern

Inland waters

Aquatic

Marine

rate equal to the river discharge.

- The ratio of the isotopes of carbon *C and *C corrected for fractionation
and age and referenced to the absolute international standard (base year
1950).

- The ratio of the two stable isotopes of carbon 3C and 2C relative to the
primary international standard for carbon-13 the Pee Dee
Belemnite (PDB) reported in ppt (%o).

13 C
(Tc) sample

13C
( 12 C) standard

- The percentage of carbon from a modern source compared to a source
where all the **C has decayed. 100% Modern is defined as 95% of the *C
activity for AD 1950.

s13¢ = —1 | x 1000

- This includes rivers, streams, lakes, wetlands, ponds, ditches and
reservoirs and inner estuaries (although not all estimates for GHGs from
inland water account for all of these sources).

- This includes inland water plus coastal waters, continental shelf and open
ocean.

- This includes coastal waters, continental shelf and open ocean.
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Abbreviations

AMM Abandoned mine methane

BOD Biological oxygen demand

Ca* Calcium ions

CH, Methane

Cl Chlorine ions

CO; Carbon dioxide

Ap Water-to-air partial pressure difference
DIC Dissolved inorganic carbon

DOC Dissolved organic carbon

DO (%) Dissolved oxygen (saturation)

EC Electrical conductivity

F Sea-to-air flux

GHG Greenhouse gas

IPC-MS Inductively coupled plasma mass spectrometry
IPCC Intergovernmental Panel on Climate Change
K* Potassium ions

Kw Gas specific transfer velocity

L Gas specific solubility

Mg?* Magnesium ions

MW Mine water

Na* Sodium ions

N.O Nitrous oxide

NEDD N- (1-naphthyl)-ethlyenediamine dihydrochloride
NH4* Ammonium ions

NOy Nitrite ions

NOs Nitrate ions

oC Organic carbon (OC)

ppe Per person equivalent

pppd Per person per day

pH Potential Hydrogen

Ror Qo River discharge

Sc Gas specific Schmidt number

Se upper layer salinity (estuary)

So sea water salinity (estuary)

SOD Sediment oxygen demand

S04 Sulphate ions

SRB Sulphate reducing bacteria

SPM Suspended particulate matter
SUVA2s4 Specific UV Absorbance at 254 nm
TDC Total dissolved carbon

TDN Total dissolved nitrogen

Tf Fresh water flushing time

TMZ Turbidity maximum zone

TP Total phosphorus

Tur Turbidity

Tw Water temperature

U Wind velocity

UwWw Urban wastewater

UWWTP Urban wastewater treatment plant
\Y Low Tide Volume

xiv|Page



Greenhouse gases from human-impacted rivers and estuaries

1 Introduction

1.1 Greenhouse gas emissions

Human activities, causing emissions of greenhouse gases (GHGs), have according to the

Intergovernmental Panel on Climate Change (IPCC) unequivocally caused global warming, with
global surface temperature reaching 1.1°C above the 1850 - 1900 baseline in 2011 - 2020.
Climate change is considered a threat to human well-being and planetary health with only

deep, rapid and sustained mitigation and accelerated implementation of adaptation actions

able to reduce projected losses and damages for humans and ecosystems (IPCC, 2023b).

Emissions of GHGs have increased rapidly over recent decades (Figure 1.1).

¢) Changes in global surface temperature

Global surface temperature has increased by
1.1°C by 2011-2020 compared to 1850-1900
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Figure 1.1 - The causal chain from
emissions to resulting warming of the
climate system taken from (IPCC,
2023a).

(a) Global net GHG
emissions include CO, from fossil fuel
combustion (CO-FFl) (dark green); net CO,
from land use, land-use change and
forestry (CO,-LULUCF) (green); CHa; N2O;

and fluorinated gases (light blue). These

anthropogenic

have led to increases in GHG atmospheric
concentrations including CO,, CH4 and N,O

(b) The vertical extent for CO,, CH4 and
N.O
individual

is scaled to match the assessed
effect of
emissions on temperature change from
1850 - 1900 to 2010 - 2019. This estimate
arises from an assessment of effective

direct historical

radiative forcing and climate sensitivity.
The global surface temperature (shown as
1850-1900
baseline) has increased by around 1.1°C
since 1850-1900.

annual anomalies from a

(c) Formal detection and attribution

studies synthesise information from
climate models and observations and show
that the best estimate is that all the
warming observed between 1850- 1900

and 2010-2019 is caused by humans.
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Reaching net zero GHG emissions primarily requires reductions in emissions of carbon dioxide
(CO,), methane (CH4) and other GHGs such as nitrous oxide (N,O) (IPCC, 2023b). Research,
into GHG sources, generation pathways and sinks, helps support actions needed to reduce
GHG emission to the atmosphere and reduce global warming.

Greenhouse gases and biogeochemical cycles

Emissions of anthropogenically generated GHGs are causing the climate to warm with CO,,
CH4 and N2O having the largest impact (IPCC, 2023b). Anthropogenic impacts have resulted in
the biogeochemical cycles governing these GHGs to become unbalanced with an increasing
amount of the carbon and nitrogen lost to the atmosphere that was previously contained or
absorbed within the lithosphere. The carbon and nitrogen cycles, with some of the
anthropogenic influences impacting these cycles, are shown schematically in Fig. 1.2 (A the
carbon cycle and B the nitrogen cycle). While the largest impact on global warming has been
derived from fossil fuels (Fig 1.1a), agriculture, forestry and other land use activities
accounted for around 13% of CO,, 44% of CH4, and 82% of N,O emissions from human
activities during 2007-2016, representing 23% (12.0 + 3.0 Gt CO; equivalent yr™?) of the total
net anthropogenic emissions of GHGs (IPCC, 2021b).

Over the period 1750 to 2019, CO; increased by 131.6 + 2.9 ppm (47.3%) with concentrations
of CO; reaching 409.9 £ 0.3 ppm in 2019, with this the fastest rate of change over the last 56
million years. The increase of CH, since 1750 of 1137 + 10 ppb (157.8%) far exceeds the range
over the past 800,000 years, and concentrations of CHs reached 1866.3 + 3.3 ppb by 2019.
This recent growth of CH, was largely driven by fossil fuel exploitation, livestock, waste,
wetlands and biomass burning. Since 1750, N,O increased by 62.0 + 6.0 ppb, reaching a level
of 332.1 £ 0.4 ppb in 2019. This increase was largely driven by the intensification and
expansion of global agriculture (IPCC, 2021b).

Over the past decade (2010 — 2019), 10.9 + 0.9 Pg C yr! were emitted from human activities,
of which 46% accumulated in the atmosphere, 23% was taken up by the ocean and 31% was
stored by vegetation in terrestrial ecosystems (IPCC., 2021). The ocean takes up CO; through
photosynthesis by phytoplankton and by increased dissolution of CO, due to the rising
atmospheric concentrations, increasing ocean acidity. The natural and anthropogenic
transfers of carbon from soils to freshwater systems are also large (2.4 — 5.1 Pg C yr?), with a
significant proportion of this carbon returned to the atmosphere via out-gassing from lakes,
rivers and estuaries.

Estimates of CH, from Inland waters (lakes, rivers, streams, ponds, estuaries) range between
117 — 212 Tg yr! but these emissions are proportionally the largest source of uncertainty in
the CH; budget, due to the large spatial and temporal variation in lake and river CH, fluxes. In
natural ecosystems, N>O is primarily produced as a by-product during the remineralisation of
organic matter by nitrification and denitrification with the net N,O production highly sensitive
to local environmental conditions, causing strong spatial and temporal variability of N.O. The
use of fertilizers and manure, as well as nitrogen deposition resulting from land-based
agriculture and fossil fuel burning has been the largest driver of the increase in atmospheric
N.O of 31.0+ 0.5 ppb (10%) between 1980 and 2019 (IPCC., 2021).
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The Carbon Cycle B The Nitrogen Cycle

N2 & N20 in the
atmosphere
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Figure 1.2 - Simplified representation of the (a) the carbon cycle and (b) and the nitrogen cycle
Fossil fuels both from direct release and burning are the biggest anthropogenic impact. However changing land use, intensive farming both pastoral and arable and
burning and oxidation of soil and vegetation have had a significant impact on climate warming.
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1.3 Greenhouse gases from inland waters

Inland waters (rivers, streams, lakes and reservoirs) are significant net-sources of GHGs to the
atmosphere, as they receive considerable organic matter and nitrogen compounds from the
terrestrial ecosystem. Carbon received by inland waters is either stored, typically within the
sediments, transported to the ocean or outgassed to the atmosphere, with the estimated
carbon storage of 0.6 Pg C yr!and that transported to the ocean as 0.9 Pg C yr! (Drake et al.,
2018). However, streams and rivers tend toward emission to atmosphere or transport
downstream, compared to reservoirs and lakes, which exhibit higher accumulation rates
(Vachon et al., 2021) (Gao et al., 2022), which can be rapid and significant (Mendonga et al.,
2017). However, carbon stored in sediments may support anaerobic methanogenesis (Tittel
et al.,, 2019). Global CO; evasion has been estimated as 1.8 + 0.25 Pg C yr* from streams and
rivers and 0.32 + 0.26 Pg C yr! from lakes and reservoirs, resulting in a global evasion rate
from inland waters of 2.1 Pg C yr! (Raymond et al., 2013). However historical
underestimation of the amount of terrestrial carbon exported to inland waters has resulted in
updated estimates of CO, evasion to 3.9 Pg C yr'! (Drake et al., 2018). The contribution from
streams and rivers is large relative to their surface area, acting as hotspots for the exchange of
gases with the atmosphere. The major sources of CO; into inland waters are direct input via
groundwater inflow, which transports CO, originating from soil respiration, and in-stream
mineralization of organic carbon (OC) often from surface run-off (Winterdahl et al., 2016).
Riparian wetlands also contribute disproportionately to CO; emissions (Abril and Borges,
2019). The relative importance of these mechanisms changes with stream order as headwater
streams have a larger soil-water interface compared to lower reaches, resulting in the
proportion of CO; produced from aquatic metabolism increasing with stream size (Marx et al.,
2017; Hotchkiss et al., 2015). However the magnitude of the estimated CO;, emissions from
fresh waters are higher than those estimated both from in-water generation or transfer from
soil and groundwater and are likely supported by carbonate buffering (Stets et al., 2017). The
magnitude of CO, riverine emissions is highly dependent on hydrology (Gomez-Gener et al.,
2016) and in urban areas CO, emissions are increased by significantly higher nutrients, organic
matter content and riverine cyanobacteria (Salgado et al., 2022). Emissions of CO, from
estuaries are complex and highly variable with the net mineralization of land-derived organic
carbon estimated to lead to emissions between 44 to 44 000 mg m2 d! from inner estuarine
waters. Outer estuarine plumes act as intense sources of primary production and can be both
sources and sinks of CO, (Abril and Borges, 2005).

Atmospheric CH; is a potent GHG impacting the world’s climate and accounting for an
estimated 0.5°C of recent warming, although around 38% of this warming is masked by
aerosol cooling (IPCC, 2021b). While CH,4 concentrations appeared to have stabilised in the
period 2000 to 2006, since 2007 emissions have continued to increase with CHs emissions
from natural and anthropogenic sources ranging between 538 and 884 Tg yr™* (Saunois et al.,
2016, 2020). The most important source of uncertainty is attributable to natural emissions,
especially those from wetlands and other inland waters. Global CH; evasion from inland
waters was estimated at 398.1 + 79.4 Tg CH, yr™l, with the total aquatic systems (including
inland waters, coastal and open open) evading 431.3 + 87.9 Tg CH4 yr™t. Aquatic ecosystems
contributed about half of total global CHs emissions from anthropogenic and natural sources
(Rosentreter et al., 2021). Rivers were estimated to evade 30.5 + 17.1 Tg CH, yr™! and lakes
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and reservoirs to evade 175.2 + 81.0 Tg CH4 yr'! with estuaries evading 0.90 + 0.29 to 6.6 Tg
CH4 yrt. The level of CHs emissions varied by several orders of magnitude in all aquatic
environments. Total CHs emissions were found to increase from natural to impacted and from
marine to freshwater ecosystems. Emissions are expected to increase due to urbanization,
eutrophication and positive climate feedbacks. However there is significant uncertainty in the
production, transportation and consumption processes of aquatic CHs making future
predictions challenging (Rosentreter et al., 2021, Stanley et al., 2016).

Atmospheric N0 is a very potent GHG and considered the third most important GHG linked to
global warming. Most N,O is produced by microbial processes in both terrestrial and aquatic
systems (Maavara et al., 2019). Anthropogenic nitrogen loading into inland waters is a
significant source of N,O via microbial nitrification and denitrification (the processes by which
conversion from dissolved nitrogen to N,O occurs), with the fraction of the available nitrogen
converted to N;O rather than N, important when considering the amount of N,O produced
(Beaulieu et al., 2011; Maavara et al.,, 2019). The production and emission of N,O from
aquatic systems are highly uncertain (0.3 - 2.1 Tg N,O-N yr™!) with large spatial and temporal
variability in emission estimates (Seitzinger and Kroeze, 1998; Beaulieu et al., 2011; Ciais et al.,
2013). However, N,O emissions from rivers, reservoirs and estuaries have been estimated as
148 - 277 Gg N yr ! with anthropogenic perturbations to riverine systems resulting in a two- to
four-fold increase in N,O emissions from inland waters. The global emissions of N,O from
estuaries, estimated as 60.0 - 155.4 Gg N,O-N yr! was both higher and more variable than
that of other inland waters (Maavara et al.,, 2019). The dominance of N,O emissions from
nitrification or denitrification in inland waters is considered partly dependent on residence
time of the systems (Zarnetske et al., 2011). The proportion of denitrified N,O has been found
<1% of the nitrogen, with rate of nitrogen processing but not yield of N,O increasing with
water nitrate (NOs~) concentrations (Beaulieu et al., 2011).

Greenhouse emission pathways from aquatic systems

The role of GHGs in climate change is recognised and GHG fluxes from aquatic systems have
been identified as the most uncertain component of these GHG emissions. There is a need to
understand these emissions and their variation over different timescales (inter-annually,
seasonally and diurnally) at a national level. However, this is challenging due to their high
spatial and temporal variability, which is further exacerbated by the different emission
pathways. There are three main pathways for GHG fluxes from aquatic systems to reach the
atmosphere, these include ebullitive, diffusive and plant mediated fluxes with available flux
data dominated by diffusive measurements despite the recognized importance of ebullitive
and plant-mediated CH,4 fluxes (Stanley et al., 2022). The various processes of aquatic GHG
production and loss including diffusion, ebullition and plant mediated losses are shown
schematically in Fig. 1.3.

Organic carbon is largely decomposed via microbial processes both within the water column
and within the bed. In sediment microbial processes can result in ebullition or bubbling of
gases from the sediment. Where this occurs in relatively shallow water, with low hydrostatic
pressure, the travel time from the bed to the surface is small and these bubbles have little
opportunity to dissolve or interact with other in-water processes before reaching the surface
and escaping to the atmosphere (Wang et al.,, 2021a). Gases produced by ebullition are
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typically episodic with high spatial variability and accurate estimates require both spatially
intensive and near continuous temporal sampling (Davidson et al.,, 2018). Additionally
ebullitive CH4 may by-pass counteracting microbial processes such as oxidation compared to
diffusive CH, (Dessandier et al., 2016).

Conversely diffusive fluxes are derived from dissolved gases that have become over- or super-
saturated in the water column. The gases can be produced in the water column, at the
sediment-water interface or within the sediments, but dissolve and diffuse through the water
column, aligned to the concentration gradient, often towards the surface. The gases are
emitted to atmosphere by diffusion across the air-water interface and are considered less
spatially and temporally variable than ebullitive fluxes. The type of aquatic environment may
impact the dominance of diffusive emissions, which have been found to produce 78 — 100% of
the total CH4 emissions in headwater streams (Robison et al., 2022). However, emissions are
accelerated by increased turbulence such as that caused by a bed slope, wind, currents and
waves, which impacts variability. Vegetation can impact the timing and location of GHG
emissions, including acting as a conduit for gas release, providing carbon substrates for
growth of microorganisms that produce GHGs and supplying oxygen to support CH, oxidation.
Changes in vegetation including seasonal growth can therefore impact the timing and location
of these emissions (Bansal et al., 2020).

Ebullitive CHs emission rates are significantly greater than diffusion-based estimates and
estimating CH, budgets from only the diffusive term can be a significant risk (Zheng et al.,
2022). Ebullitive fluxes for CO, and N,O are less important (Davidson et al., 2018; Wang et al.,
2021; Zheng et al., 2022). A further complication in estimating GHG fluxes from aquatic
systems is that ebullitive, diffusive and plant mediated fluxes can be influenced differently by
various physical processes such as water levels impacting pore pressure or temperature
(Wang et al., 2021a). This multiplicity of processes and the high variability especially of
ebullitive fluxes may make joint ebullitive and diffuse flux measurements more difficult to
attribute to causal mechanisms.
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Figure 1.3 - Flux pathways from aquatic systems
Schematic diagram showing potential flux pathways for emission of greenhouse gases from aquatic systems, shown here for a riverine system with both placid and
turbulent sections.
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1.5 Contrasting processes within different aquatic environments

Understanding aquatic GHG emissions can be further complicated because of the range of
different environments including wetlands, marshes, streams, ditches, rivers, lakes, ponds and
estuaries. Different physical and chemical processes would be expected to dominate in these
different environments and these systems will likely experience different physical conditions
and pressures both natural and anthropogenic. For example, head-water streams can behave
differently from rivers. In headwater streams the main source of stream CO; was inflowing
groundwater transporting CO, originating from soil respiration. However in-stream
mineralization of organic carbon (OC) to produce CO, becomes more important with
increasing stream order compared to inputs from groundwater, as the connectivity to
groundwater reduces compared to the flow (Winterdahl et al.,, 2016). Gas transfer from
streams is influenced by turbulence and hence stream slope with most dissolved gases evaded
over short distances (~¥100m) with steeper, often headwater, streams evading gases faster
(Maurice et al., 2017). Steep small streams evading gases rapidly could be significant sources
of GHGs, something that may not be reflected in their measured GHG concentrations, while
larger, flat-water bodies could have higher GHG concentrations but result in lower emissions
due to lower turbulence. This increased GHG residence time may increase opportunity for
CO; buffering, CH4 oxidation and other in water processes.

Emissions of CH4, CO, and N>O have all been correlated to land use with low emissions from
natural systems and anthropogenically impacted systems exhibiting high GHG emissions (Hao
et al., 2021). Catchment land cover can have a significant influence of water physicochemical
properties, with urban and agricultural land increasing nutrient and GHG concentrations
compared to, for example, forested systems (Borges et al., 2018; Dai et al., 2017; Li et al.,
2009; Wan et al., 2014). The percent coverage of different land cover types has been found as
a good indicator for estimating riverine pCO, (Tian et al., 2019). Rivers have been found to be
impacted by their connectivity to wetlands (Borges et al., 2019) and the regions within 200 m
of river banks were found to be key in dictating river water quality, when considering non-
point source pollutants, nutrients and soil conservation (Dai et al., 2017).

Seasonal changes can also impact GHG generation, with positive correlations between
temperature and all GHG concentrations routinely observed (Wang et al.,, 2021, Herrero
Ortega et al.,, 2019 and Rosentreter et al.,, 2021). However the relationship between CH,4
emissions and temperature was not always consistent, with some studies finding temperature
to be strongly correlated with CH, (Wang et al., 2021; Gulshin and Gogina, 2021; Macdonald
et al., 1998; Borges et al., 2016; Campeau and Del Giorgio, 2014) while others found only a
weak relationship (Dinsmore et al., 2013; Macias et al., 2014; Herrero Ortega et al., 2019) and
in other studies no effect (Yu et al., 2017; Hope et al., 2001). This variability suggests that
processes are complex and temperature correlations may be confounded with or influenced
by other variables. Conversely in an investigation of N,O concentrations upstream and
downstream of wastewater treatment plants (WWTPs) in an urban river in Japan found lower
N,O concentrations were in summer (Zhou et al., 2022).

Variations in flows were found to have a greater influence than steep slopes on GHG evasion
(Maurice et al., 2017). Droughts and low flows in both forested and agricultural watershed
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had decreasing N,O emissions with increasing low flow severity (Tonina et al., 2021), however
this relationship might be impact dependent on whether nitrogen was derived from point or
diffuse sources. Another physical impact on GHG concentrations and one that is under
researched, due to survey practicalities, is that of diurnal variation which will likely influence
to what extent rivers and estuaries are sources and sink of GHG (Tian et al., 2019). Diurnal
variation has been reported to lead to lower DO during the night time as photosynthesises
produces oxygen and consume CO; during the day, while aerobic respiration produces CO;
and uses oxygen during the night resulting higher pN,O and pCO,, (Gong et al., 2021; Xia et al.,
2013; Bass et al., 2013).

Our changing climate with both increasing temperature and variability in rainfall could change
these stressors in the future (IPCC, 2021a). Natural CH; emissions from wetlands have
increased, suggesting that a warmer, wetter climate could act as a positive feedback
mechanism increasing CH, emissions (Peng et al., 2022). Similarly thawing of permafrost has
led to a further increase CH, emission from cycling of organic carbon (Bogard et al., 2019;
Cooper et al., 2017). These processes has resulted in changes to the carbon isotopic (63C)
content of atmospheric CHs dominated by increasing biogenic sources, interpreted as wetland
feedback (Nisbet, 2023). Climate impacts on river flow are predicted to result in more
frequent flushing events in winter and longer periods of drought in summer (Robins et al.,
2016), which could impact both diffuse and point sources. Rainfall has been found to increase
water-to-air GHG fluxes by up to 780% due to increases in gas transfer velocity compared to
still waters (Looman et al., 2017), although other studies have suggested rainfall has only a
minor and short-term effect (Sieczko et al., 2023).

Anthropogenic causes of GHGs in inland waters

Urban rivers and lakes are potential hotspots for GHG emissions and there is an increasing
body of literature concerned with quantifying their contribution to aquatic GHG emissions
(Zhang et al., 2021; Wang et al., 2021; Gu et al., 2021; Herrero Ortega et al., 2019; Martinez-
Cruz et al., 2017; Garnier et al., 2009; Hao et al., 2021; Ho et al., 2022). In Mexico City water
quality indicators (such as tropic state index and phosphorous level) were positively correlated
with CHs emissions, suggesting a reduction in untreated wastewater discharge could reduce
GHG emissions. Fluxes of CHs were highly variable, both in and across ecosystem, locations
and seasons (Martinez-Cruz et al., 2017) demonstrating the need for comprehensive studies
to understand these temporal dynamics. Similarly in an urban river system in Ecuador the
more polluted sites had higher dissolved GHG concentrations (Ho et al., 2022). In water
bodies around the city of Berlin, a combination of high nutrient supply and shallow depth
produced large CHs emissions. Dissolved oxygen and productivity were found to be poor
predictors of CHs emissions, suggesting a complex combination of factors governed CH, fluxes
from urban surface waters (Herrero Ortega et al., 2019). Conversely in rivers and lakes within
the city of Beijing, high CH, emissions were attributed to high dissolved and sediment organic
carbon, high aquatic primary production and shallow water depths, although results were
again highly variable (Wang et al., 2021a). In the Chaohu Lake basin in eastern China, diffusive
CHs; and N;O emissions from rivers were due to large nutrient supply and hypoxic
environments, with CO, impacted by temperature-dependent rapid decomposition of organic
matter (Zhang et al., 2021).
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A further complication to estimating CH4 emissions is CH4 oxidation, with the balance between
production and oxidation important for the final release to atmosphere. The percentage
oxidation typically varies across waterbody types (Abril and Iversen, 2002) but CH, oxidation
can deplete half of dissolved CH4 in high oxygen environments (Robison et al., 2022). The
presence of ammonia, entering inland water from agriculture or wastewater, can inhibit CH,
oxidation resulting in elevated CH4 concentrations compared to low nitrogen systems and high
evasion to atmosphere (Dunfield and Knowles, 1995; Bosse et al., 1993; Cotovicz et al., 2021).
Conversely in an investigation of N,O concentrations upstream and downstream of
wastewater treatment plants (UWWTPs) in an urban river in Japan found nitrate
concentration increased downstream of the UWWTP with nitrate the crucial factor influencing
N,O saturation (Zhou et al.,, 2022). Downstream of nine WWTPs in Germany, the
concentrations of dissolved CH; and CO, were enhanced and the atmospheric fluxes of both
gases increased by a factor of 1.2 and 8.6, respectively (Alshboul et al., 2016)

Streams have been found to be a significant source of GHG, especially when draining
agricultural landscapes (Beaulieu et al., 2008). Positive correlations between GHGs in surface
waters and catchment agricultural land cover linked to higher levels of organic matter and
dissolved inorganic nitrogen have been found significant, with increases in GHG levels during
prolonged low water levels (Borges et al.,, 2018). While N,O linked to agriculture is often
attributed to run-off, agricultural reaches of rivers had higher N,O emissions attributed to high
nitrate concentrations even in low river flow conditions, but in forested reaches N,O
emissions remained constant or decreased, (Tonina et al., 2021). The combination of high
denitrification rates and large anthropogenic DIN inputs has resulted in substantial
anthropogenic N,O emissions from river networks (Beaulieu et al., 2011).

Anthropogenic causes of GHG in estuarine waters

There is a larger range of uncertainty in estuarine and coastal GHG fluxes compared to those
from inland waters, attributed to the paucity of data and the general more dynamic nature of
these ecosystems. Human alterations to aquatic ecosystems such as urbanization,
eutrophication and positive climate feedbacks act to increase CHs emissions (Rosentreter et
al., 2021; Borges and Abril, 2012), but the type of estuarine environment may also be
important. In fully mixed estuaries CHs concentrations are non-linearly correlated with
salinity, with the highest CH. concentrations observed at low salinity and have been
associated with the turbidity maximum zone (TMZ) (Upstill-Goddard et al., 2000; Upstill-
Goddard and Barnes, 2016). Methane concentrations in salt wedge estuaries have been
found considerably more variable (Middelburg et al., 2002), with distinct zones of elevated
GHG concentrations at the tip of the salt wedge and in the anaerobic bottom waters,
suggesting acetoclastic production in fresh surface waters and hydrogenotrophic production
occurring in the saline bottom waters (Tait et al.,, 2017). The CHs production within the
estuarine environment is highly dependent on both in-water and in-sediment processes, with
methanogens competing for resources. For example, methanogens can be outcompeted by
sulphate reducing bacteria (SRB) where the methanogenesis pathway is using H, and acetate,
with rates of methanogenesis found to be two orders of magnitude lower than rates of
sulphate reduction (Euler et al., 2020; Sela-Adler et al., 2017). Conversely the presence of
ammonium may inhibit CHs oxidation increasing CH4 evasion, (Dunfield and Knowles, 1995;
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Bosse et al., 1993), especially as estuaries can become hypoxic. Decreased CH4 concentrations
have been observed in higher water flows and assumed to be linked to dilution under the
assumption that the net CH, production does not change significantly (Bange et al., 2019).
Conversely dissolved oxygen (DO) has been found the dominant factor influencing CH, fluxes
with DO and dissolved organic carbon (DOC) explaining 60% of the variance, (Zheng et al.,
2022), although estuarine CHs emission patterns need improved understanding.

Coastal ecosystems are recognized as significant carbon reservoirs because of their high
carbon burial rates, although these ecosystems also emit CO;, to the atmosphere. However
estuarine and coastal areas often experience significant anthropogenic impact which may
impact their efficiency as blue carbon stores, with human-dominated systems often
characteristic of systems with higher net carbon uptake (Kuwae et al., 2016). However arable
and (sub)urban estuaries were found to export, on average, 50% more dissolved organic
carbon (DOC) to coastal areas than they received from rivers due to net anthropogenic
derived organic matter inputs within the estuary, with the bioavailability of this DOC
promoting microbial production and degradation (Garcia-martin et al., 2018).

Highly nutrified estuaries, with nutrients derived from run-off and wastewater can act as
significant N,O sources (Robinson et al., 1998; de Angelis and Gordon, 1985; Dong et al., 2005;
Nguyen et al., 2022). The balance between nitrification and denitrification, is dependent on
residence time, with nitrification dominating during short residence times and denitrification
dominating at longer residence times. Denitrification is likely significant in estuaries where
residence time can reach months or years (Zarnetske et al., 2011), and oxygen levels can be
low (Tang et al., 2022; Li et al., 2022; Brase et al., 2017; Rosamond et al., 2012). Nitrification
is reported to occur in both sediments and the water column with water column nitrification
dominating in large river-estuary systems especially where there are long residence times
associated with suspended sediments and particularly when turbidity maximums occur
(Beaulieu et al., 2010; Barnes and Upstill-Goddard, 2011; Murray et al., 2015). Denitrification,
a form of anaerobic respiration using NOs™ occurs mostly in anoxic bed sediments and is
generally a linear function of the nitrate concentration in the overlying water (Revsbech et al.,
2005). Urban estuaries can experience eutrophication due to high nutrients and this can
enhance phytoplankton abundance, leading to changes in GHG concentrations. For example
the increase in eutrophication status along the dense urban area of the Saigon River Estuary,
Vietnam was linearly correlated with increases in GHGs concentrations (Nguyen et al., 2022).

Hypotheses

GHG emissions from inland and coastal waters are difficult to attribute to sources due to
multiple generation and consumption pathways and high spatial and temporal variability
(Rosentreter et al., 2021). Their production results from the interplay of multiple drivers and
is influenced by significant between and within-system variation. This variation can be
especially difficult to predict in estuaries which form a meeting point between marine and
freshwater environments, and where the mixing and residence times are influenced by the
bathymetry, bed friction, rivers flows and tidal range. The variation in all inland and coastal
water causes difficulties in up-scaling emissions from local-scale studies resulting in a need for
more detailed studies measuring more in-water parameters across larger temporal and spatial

11| Page



Greenhouse gases from human-impacted rivers and estuaries

scales. It is hypothesised, in this research, the reasons for the high variation and poor

predictably include:

b)

d)

e)

f)

GHGs are not conserved like dissolved nutrients but readily out-gas especially in the
riverine environment with flow intensity and high stream slopes the primary controls
(Long et al., 2015; Maurice et al., 2017; Natchimuthu et al., 2017; Liu and Raymond,
2018).

The large number of different source types within the riverine, lentic and estuarine
environment, including; point, diffuse, in-water and in sediment generation, change with
aquatic environment and present and legacy land-use.

The concentration of nutrients is a partial driver of GHG generation, which changes with
the availability of electron donors and acceptors, such that mixing of waters from
different sources may stimulate GHG production (Wrage et al., 2001; Furukawa et al.,
2004; Broder et al., 2012; Zhang et al., 2019).

Different GHG sources and dynamics dominate in different types and sizes of water body
dependent on: land-water interface, depth, hydraulic regime, sediments-water-air
interfaces, residence time, land-use, physio-chemical properties, microbial communities,
seasonality, salinity, stratification and mixing and anthropogenic impacts on seasonal
patterns of changing water level and temperature.

Urban and agricultural rivers and estuaries produce higher levels of GHGs due to the
high levels of catchment-scale nutrients.

In inland waters, but particularly in estuaries, the ability of methanogens and
(de)nitrifying microorganisms to process carbon and nutrients and produce GHG is
dependent not only on carbon and nutrient availability but on both short and long-term
changes in estuarine physical conditions; including seasonal, tidal and river flow changes
which impact residence time, salinity and mixing and impact the effectiveness of the
microorganisms.

1.9 Objectives

Given the high natural variability of riverine and estuarine systems encompassing (1)

topographical, bathymetrical and geomorphic variation, (2) hydrological variation including

river flow, tidal dynamics and seasonal impacts and (3) variability introduced by urban,

agricultural and legacy industry, GHG dynamics from these systems are difficult to predict.

However, their significance but inadequate quantification and characterisation, suggest that

further insight into the sources and mechanisms of riverine and estuarine GHG concentrations

and dynamics could support improved interpretation and evasion estimates. To support

increased insights, this study addressed the following key research questions:

a)

b)

Does using a source-to-sea investigative approach allow quantification of how changes
in the nature and size of the riverine and estuarine environment impact GHG
concentrations?

What are the key catchment-scale (land-cover, seasonal and hydrological) controls on
GHG generation in the semi-natural, agricultural and urban environments?

How does the balance between point source, diffuse source, in water and in-sediment
generation of GHGs in the riverine and estuarine environments vary temporally and
spatially?
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d) How do hydrological and physical drivers (river flow, temperature, tidal regime, salinity,
level of stratification, mixing and sedimentation) affect GHG concentrations, fluxes and
production mechanisms?

e) How do anthropogenic changes, including the addition of nutrients from urban
wastewater (UWW) and agriculture and the influence of legacy industry contamination,
impact GHG generation and dynamics?

To investigate the above objectives a large temperate catchment, where land cover
transitioned from semi-natural, through pastoral and arable agricultural to urban (including
legacy industrial and coal mining), with a stratified estuary, the Clyde catchment in Scotland,
was studied over three hydrological years.

Scope of this thesis

This introduction, Chapter 1 of this thesis, provides background into the problems of
increasing GHG concentrations and focuses on GHGs from aquatic environments to provide
context to the challenges of high uncertainty and high temporal and spatial variability in
aquatic GHG emissions. It covers the knowledge gaps, hypotheses and the research questions
investigated in this work. The second chapter of this thesis is dedicated to the study area
under investigation and the methodologies used both within the field to collect the data and
within the laboratory to analyse the samples.

Chapter 3 covers the study of the River Clyde and is titled: Urban landscapes and legacy
industry provide hotspots for riverine greenhouse gases: a source-to-sea study of the River
Clyde, and reports in detail riverine GHG mechanisms and controls. Chapter 4 covers a study
of GHGs from mine water (MW) which form significant point sources in the Clyde catchment
and is titled: Sources and controls of greenhouse gases and heavy metals in mine water: a
continuing climate legacy. This study of MW spans the Midland Valley and is not restricted to
the Clyde catchment. Chapter 5 reviews and analyses data on estuarine GHGs from across the
UK from previously published work, as this is an area where there is less research compared to
that of inland waters and s titled: Anthropogenic-estuarine interactions cause
disproportionate greenhouse gas production: a review of the evidence base. Chapter 6 covers
a focused and detailed study of the Clyde estuary to answer questions raised in the previous
chapter about the mechanisms and controls linked to the high GHG concentrations in
estuaries, with a specific focus on the variability of estuarine GHGs. This chapter is titled: The
impact of salinity and hypoxia on estuarine greenhouse gases: a study of the stratified Clyde
estuary. These four focus areas are shown schematically in Fig 1.4.

The final two chapters of this thesis (Chapters 7 and 8) are dedicated to the assessment and
distillation of the key points from this research, building on information from the previous
chapters to support the understanding of mechanisms of GHG production from inland waters.
There is a focus on key drivers but also on novel aspects of the research and consideration for
policy makers. These chapters consider how actions could be taken to support remediation
and reduction of GHG emissions in the UK but also globally.
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Figure 1.4 - Schematic diagram of sources of greenhouse gases within the Clyde catchment and the chapters which address them in this thesis

Potential sources of GHGs (CO2, CH4 and N20) including urban wastewater (UWW), agriculture (pastoral and arable), peat, mine water from flooded coal mines, and
in-water / in-sediment processing of nutrients in lakes, streams, rivers and the estuary.

Other forms of pollution are likely to enter the streams, rivers and the estuary from roads, UWW, legacy industry (ship building, steel and paper making), legacy coal
mining including both mines water and run-off from bings and current industry.
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2 Materials and methods

2.1 The Clyde catchment, river and estuary

The River Clyde is the third longest river in Scotland (170 km) with a total river network length
of 4,244 km and drains a catchment of 1903 km? (Clyde River Foundation, 2020). The River
Clyde together with the rivers Kelvin, White Cart, Black Cart, Gryffe and Leven enter the Clyde
estuary, with a catchment area of 3854 km? (Nedwell et al., 2002). The Clyde catchment is
home to 33.8 % (1.79 million) of Scotland’s total population (Clyde River Foundation, 2020).
The River Clyde’s mean annual discharge is 48.3 m3s? with the maximum of 560.5 m3s* (24t
January 2018) as measured at Daldowie gauging station between 1963 and 2019 (UKCEH,
2020b). The average combined freshwater flow into the Clyde estuary was estimated as 110
m3s, with the 50-year extreme combined flow estimated as 1438 m3s (Bekic et al., 2005).

The upper moorland catchment consists of steep rough ground with hill pasture and some
forestry as the major land use. In the middle catchment there is mixed farming including
arable and pastoral with some urban areas and significant urbanisation in the lower
catchment. The soil type in the Clyde basin is predominantly controlled by the geology with
non-calcareous gleys the dominate soil type over extensive till deposits. Peaty gleys have
developed on poorly draining moor in upland areas resulting blanket peat bogs and peaty gley
podzols have developed in the more freely draining southern uplands (Fordyce et al., 2017).
Surface water quality in the River Clyde, as assessed in accordance with the European water
framework directive, ranges from ‘High’ in some small tributaries to ‘Bad’ in some urban
tributaries, with much of the River Clyde rated as ‘Moderate’ (SEPA, 2018 and Natural
Scotland, 2015). The groundwater quality is also rated as ‘Poor’, both in the upper catchment
in the Leadhills area and the lower urban catchment. A number of anthropogenic pressures
affect the Clyde catchment, split into five categories: water quality point source pollution
(20%), diffuse source pollution (17%), access for fish migration (46%), flows and levels (13%)
and invasive non-native species (4%) (SEPA, 2017). Additionally a global study examining toxic
levels of pharmaceuticals in rivers sufficient to pose a threat to the environmental and/or
human health, found that the River Clyde was the most polluted in the UK with levels
sufficient to cause a threat (Wilkinson et al., 2022).

The Clyde estuary enters the sea on the west coast of Scotland and is considered to have a
highly contaminated estuarine environment due to its legacy industrial past, which peaked in
the mid-19th century, and the increasing urban population of the City of Glasgow. The
estuary has been continually dredged for around 200 years. It is constrained by seawalls and
embankments to prevents flooding and estuarine flows are impacted by the construction of
docks and jetties (Jones and Ahmed, 2000). Marked improvements in water quality have been
seen with the estuary recovering ecologically since peak industrialisation ended. However
estuarine sediments still contain high levels of contamination including heavy metals
(Hursthouse et al., 2001), with the highest elemental concentrations of Cu, Pb, Co, Cr, Ni, Sb
and Zn occurring in the urban estuary and with a large increase occurring between urban river
and estuary sediments (Jones et al., 2019; Rodgers et al., 2020; Balls et al., 1997). The Clyde
estuary exhibits anomalously high levels of polyaromatic hydrocarbons (PAHs) and
polychlorinated biphenyls (PCBs) (Edgar et al., 2003; Edgar et al., 2006; Vane et al., 2007).
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Further sources of pollution are linked to legacy industry. The River Clyde flows through the
Midland Valley of Scotland, an area of coal bearing rocks that trend from southwest (covering
the Ayrshire coast to Glasgow) to the northeast (covering the Edinburgh area and the Fife
coast). These carboniferous rocks are bounded by the Highland Boundary Fault to the
northwest and the Southern Upland Fault to the southeast (Leslie et al., 2016). The River
Clyde and its tributaries below and including Douglas Water and the Clyde estuary are all
within the area of coal bearing strata and the remains of an extensive coal mining industry are
still evident in the catchment. Water pollution arising from abandoned coal mines is second
only to sewage as a source of freshwater pollution in Scotland and in many coalfield
catchments it is the dominant pollutant source. Mine water (MW) emerges via old adits (mine
drainage passages), springs, seepage through the ground, and sometimes discharges into
overlying aquifers polluting groundwater. Most MW pollution is from deep mines rather than
opencast (Younger, 2001). Water from disused coal mines can contain high concentrations of
Fe, Zn, Cu, Pb, Ca, Mn and Al (Dhir, 2018; Alhamed and Wohnlich, 2014; Stearns et al., 2005).
These abandoned flooded coal mines and other legacy industrial activities including steel and
paper making and shipbuilding in the estuary were also potential sources of legacy pollution.
For example, the demolition and clean-up operation of Ravenscraig steel works has created
the largest brownfield site in Europe (Canmore, 2022). The Clyde estuary has been reported
to have high levels of GHGs but the sources are unknown (Pickard et al., 2021). A schematic of
the potential sources of GHG in the Clyde catchment is shown in Fig. 1.4.

Site descriptions and data collection

Three major and some minor data collection campaigns were undertaken to quantify aquatic
GHGs in the Clyde catchment, including primarily the riverine, estuarine and mine waters
systems, with some overlap between the three sampling campaigns. These are described in
the sections below.

2.2.1 Riverine sampling

Twenty-six measurement locations were selected on the River Clyde and its major tributaries
and two locations within the upper Clyde estuary as part of a source-to-sea study. The source
of the River Clyde is most likely the stream of Thick Cleuch, arising between Wedder Law and
Gana Hill to the south of Dear reservoir, with the highest point in the Clyde catchment that of
Lowther Hill at 725m. The Clyde reaches the estuary at the tidal weir, which separates the
two distinct habitats of fresh and salt water and is designed to stabilise the upstream banks by
maintaining the water level and preventing saline intrusion to the riverine environment. The
twenty-six riverine locations were distributed along the River Clyde from near the source, on
Daer Water above Daer reservoir, to Glasgow Green just above the Clyde tidal weir, with
estuarine measurements made from the Govern and Breahead pontoons.

Sample locations on the River Clyde and its tributaries were aligned with the Scottish
Environmental Protection Agency (SEPA) gauging stations where possible (Scottish
Environment Protection Agency, 2020b); although not all measurements were made exactly at
the gauging stations. In addition to the locations on the River Clyde all major tributaries and
some minor tributaries were sampled, typically near to where they entered the main river.
Sampling points on the River Clyde were selected to be between the locations where the
major tributaries entered the river. Details of all the sample locations are included in Table
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2.1 and Fig. 2.1 and photographs are included in Appendix 1. Samples were collected monthly
between January 2020 and December 2021 at all locations. Twenty-one sampling campaigns
were undertaken in total, as no sampling was permitted during the period April to June 2020
due to Covid-19 related working restrictions. Each sampling campaign was undertaken over
two consecutive days with samples collected at the upper catchment sites on day 1 and in the
lower catchment on day 2, with sample filtration and processing being undertaken on the
same day the samples were collected. Sampling included water physical properties
(temperature (Tw), conductivity (EC), pH and dissolved oxygen (DO)), GHG concentrations,
dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), total dissolved nitrogen
(TDN), total phosphorus (TP), specific ultra violet absorption at 254nm (SUVA;s:) and a range
of anion and cation concentrations.

Table 2.1 - Sampling locations in the Clyde catchment

No. Location Latitude (N) Longitude (W) Distance (km) River Name
codell) (WGS84) (WGS84) @

1 T1 55°19'56.44" 3°38'08.02" 0.0 Rodger Cleuch

2 C2 55°20'00.96" 3°38'04.20" 0.2 Daer Water - reservoir inflow

3 C3 55°22'06.79" 3°37'34.25" 5.5 Daer Water - reservoir outflow

4 T4 55°28'28.53" 3°38'52.72" 23.2 Midlock Water

5 T5 55°28'29.37" 3°39'07.95" 23.5 Camps Water

6 T6 55°30'58.10" 3°41'18.84" 31.5 Duneaton Water at Maidencots

7 c7 55°31'20.99" 3°40'42.80" 324 Clyde at Abington

8 C8 55°36'33.59" 3°33'32.49" 46.7 Clyde at the Symington

9 c9 55°39'16.25" 3°43'34.40" 72.4 Clyde at Sills of Clyde

10 T10 55°34'49.81" 3°49'00.88" 76.0 Douglas Water at Happendon

11 C11 55°38'39.72" 3°45'41.24" 77.1 Clyde at Tulliford Mill

12 C12 55°40'31.87" 3°48'01.43" 82.4 Clyde at Kirkfieldbank

26 T13 55°40'40.62" 3°48'00.19" 82.7 Mouse Water

13 Cl14 55°41'51.18" 3°52'01.15" 88.1 Clyde at Hazelbank

14 T15 55°39'59.08" 3°53'55.87" 89.0 Nethan at Kirkmuirhill

15 C16 55°44'15.42" 3°55'22.74" 96.1 Clyde at Garrion bridge

16 T17 55°44'02.77" 3°59'17.37" 107.6 Avon Water at Fairholm

17 C18 55°47'00.03" 4°00'52.94" 108.0 Clyde at Hamilton

19 C19 55°48'28.82" 4°00'40.44" 108.2 South Calder Water

18 L20 55°47'08.93" 4°01'13.92" 108.2 Strathclyde Loch

20 c21 55°47'43.72" 4°03'28.24" 111.7 Clyde at Blairston

22 T22 55°50'12.02" 4°06'26.31" 119.0 North Calder at Calderpark

21 T23 55°49'05.51" 4°06'34.46" 119.8 Rotten Calder at Redless

23 C24 55°49'47.78" 4°07'19.11" 120.6 Clyde at Daldowie

24 C25 55°49'24.01" 4°10'16.21" 124.1 Clyde at Cambuslang

25 C26 55°51'00.14" 4°14'25.07" 134.0 Clyde at Glasgow Green

27 E27 55°51'51.01" 4°18'32.40" 138.7 Clyde estuary at Govan Pontoon

28 E28 55°52'33.40" 4°21'37.20" 142.2 Clyde estuary at Breahead Pontoon

Notes

1. The location code has the initial letter ‘C’ to indicate the River Clyde, ‘T’ to indicate a tributary, ‘L’ to indicate where the
tributary is direct inflow to the River Clyde from a loch and ‘E’ to indicate the estuary.

2. Distance is the distance from the first measurements point nearest the source increasing towards the sea. Tributary
distances are given as the distance at which they enter the River Clyde and are in italics.

3. Further details of each location are included in the chapter 3 supplementary information and Appendix 1.

Mine water sampling

Mine water locations identified in the Clyde catchment only (8 locations) were sampled
quarterly between July 2021 and March 2021 as these locations were identified as interesting
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point source locations for GHGs and other pollutants. This initial study resulted in information
about the concentrations and variability of GHGs in MW and was developed into the more
detailed study undertaken in the summer of 2022. In this study sixteen sites (MA1 - MA16),
across the Midland Valley, Scotland were sampled for water physiochemical properties (Tw,
EC, pH and DO), GHG concentrations, DOC, DIC, TDN and SUVA,s; and various ion
concentrations. Additional sample collection was undertaken for carbon stable and radiogenic
isotopes of the dissolved CO, and CH,, to help determine the GHG sources and for metal
concentrations by inductively coupled plasma mass spectrometry (IPC-MS). Details of all the
sample locations are included in Table 2.2 and Fig. 2.1 and photographs are included in
Appendix 2. Additionally, four treatment locations, two using cascades (MA7 and MA10) and
two using peroxide (MA11 and MA12), were sampled throughout their treatment reed pools
to determine the impact of treatment on both GHG processing and heavy metal removal.

To understand out-gassing in the cascade systems, one system MA7, which had the most
efficient oxygenation cascade, was sampled throughout the cascade. This cascade had 71
steps, each with a length of 0.76 m and a drop of 0.16 m (an overall drop of around 12m over
55m) with the water taking 65 seconds to traverse the cascade. Study of this system enabled
the effect of oxygenation and out-gassing to be determined for GHG concentrations including
changes to the carbonate balance and its impact CO; concentrations. Water samples could
not be measured directly within the cascade but collected by bucket every 11 steps
throughout the cascade. Sample collection caused some additional turbulence and likely
caused more out-gassing, but it is assumed this effect was the same at each measurement
point. Sampling included water physical properties (Tw, EC, pH and DO), GHG concentrations,
DOC, DIC, TDN.

Table 2.2 - Mine water outflow sampling locations

No. Location Latitude (N) Longitude (W) Height (m Mine or mine water locations

code (1) (WGS84) (WGS84) asl) name

1 MA1 56°14'45.06"N 2°51'56.68"W 145m Lathallan Mill

2 MA2 56° 9'30.24"N 3°38'36.52"W 35m Mains of Blairingone

3 MA3 56° 8'20.60"N 3°16'51.52"W 75m Minto - Adjacent Shaft

4 MA4 56°8'1.15"N 3°6'45.45"W 50m Frances

5 MA5 56°3'36.90"N 3°30'6.14"W 40m Pitfirrane

6 MA6 55°53'38.10"N 3°3'40.39"W 35m Bilston (Old Fordell)

7 MA7 55°50'53.67"N 3°36'49.78"W 175m Cuthill

8 MA8 55°49'3.96"N 3°47'40.92"W 200m Shotts

9 MA9 55°47'59.39"N 3°48'50.64"W 200m East Allerton

10 MA10 55°47'43.31"N 3°49'40.28"W 200m Kingshill

11 MA11 55°46'15.03"N 3°37'0.78"W 240m Pool Farm

12 MA12 55°45'40.04"N 3°40'36.95"W 260m Mousewater

13 MA13 55°36'57.91"N 3°52'49.97"W 210m Johnhill burn

14 MA14 55°35'58.21"N 3°53'24.73"W 225 Muirburn

15 MA15 55°31'26.18"N 3°52'32.54"W 225 Glentaggart

16 MA16 55°30'43.73"N 4°5'3.35"W 215m Kames - Adjacent Shaft

Notes

1.  Locations code: MA indicates this survey (Mine Adits) and the location number from 1 to 16 represents the position in this
survey, with 1 furthest north and the 16 furthest south.

2. Further details of each location are included in the chapter 4 supplementary information and Appendix 2.
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2.2.3 Estuarine sampling

Ten measurement locations were selected on the Clyde estuary (L1 to L10). These were
distributed from near the tidal weir (L1), which separated the two distinct habitats of fresh
and salt water (this enabled a definite location for the start of estuarine conditions to be
identified independent of river flow and tidal conditions) and the location where the estuary
widened as it joined the Irish Sea near Dumbarton (L10). Sample locations on the Clyde
estuary were selected to provide and understanding of how location, salinity, river flow and
stratification impacted the project objectives. As such, the spacing between sampling
locations increased seawards as the estuary became more homogenised, enabling more
detailed GHG concentration data to be collected in the lower salinity upper estuary. Details of
all the sample locations are included in Table 2.3 and Fig. 2.1 and photographs are included in
Appendix 3. Samples were collected on eight occasions between September 2021 and May
2022, with details in Table 2.4. Each survey was undertaken so that sampling started at high
tide at the head of the estuary with sampling on the ebb tide. Sample filtration and
processing was undertaken on the same day the samples were collected. Samples were
collected at the surface using a 10 L bucket and 0.5m above the bed using a 5L water depth
sampler, triggered by a dropped weight. The Clyde estuary is periodically dredged for
shipping seawards of location L5, and locations were selected to be at the side of the main
dredged channel, both to avoid the dredged area and for ease of handing the sampler,
resulting in the maximum water depth sampled of 12m. The estuary landward the L3
typically had water depths less than 6m.

Table 2.3 - Sampling locations for the Clyde estuary transects (CET)

No. Location Latitude (N) Longitude (W) Distance from  Gaps between Location Information
code(? (WGS84) (WGS84) tidal weir (km) Locations (km)
1 L1 55.853931° -4.251681° 0.43 0.43 Most upstream point
2 L2 55.856082° -4.273576° 1.85 1.42 Adjacent M8 motorway
3 L3 55.861379° -4.297750° 351 1.66 Bend and restriction
4 L4 55.867974° -4.318569° 5.00 1.49 Adjacent the SEPA Buoy
5 LS 55868900°  -4.339734° 6.35 1.35 Shieldhall UWWTP
6 L6 55.876932° -4.360132° 7.88 1.53 Breahead pontoon
7 L7 55.888767° -4.390125° 10.2 2.14 Scrap metal working
8 L8 55008154°  -4.444381° 14.35 4.14 Dalmuir UWWTP
9 L9 55.929253°  -4.487592° 18.0 3.65 Adjacent Bowling
10 L10 55.932344° -4.575588° 235 5.50 Offshore from R. Leven
Notes

1.  Distance is from the tidal weir to the measurements point, with distance between locations increasing seawards
Further details of each location are included in the supplementary information and Appendix 3.

The River Kelvin enters the estuary between L3 and L4

The Rivers White Cart and Black Cart enter the estuary between L7 and L8

The River Leven enters the estuary adjacent L10

Vs wN
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Greenhouse gases from human-impacted rivers and estuaries

No. Survey Date Survey  Surface Water Time of Tidal River Flow at Comments
code (1) start time Temperature High tide range (m) high tide
(GMT) @ (°c) (GMT) (m3/s)
1 CET1  21-Sep-21 13:00 16.4-15.6 13:10 3.86 10.8 All locations
2 CET2  15-Oct-21 08:50 11.7-121 08:10 1.73 16.0 All locations
3 CET3  21-Oct-21 12:40 11.2-115 13:20 3.82 29.0 All locations
4 CET4  22-Nov-21 12:51 7.3-8.7 14:20 3.45 26.6 All locations
5 CET5  29-Mar-22 10:50 10.4-9.8 11:00 3.29 17.4 All locations
6 CET6  13-Apr-22 10:20 9.2-10.4 10:30 2.29 22.3 Locations 1to 8
7 CET7  25-May-22 09:30 14.7-15.4 08:50 3.09 13.1 Locations 1 to 4
8 CET8 31-May-22 12:40 15.4-145 13:30 3.45 10.5 Locations 1to 8
Notes
1.  The survey code has the letters CET, for Clyde Estuary Transect.
2. The sea water temperature is presented as that for L1 and then for L10 for the surface data only
3. Theriver flow data is taken at Daldowie SEPA gauge and is indicated for the time of the survey start, (UKCEH, 2020b)
4.  The tidal range is taken from a harmonic analysis of the tidal data and Renfrew tide gauge which is located at Latitude
55.885812°N, Longitude -4.3828324 West (Scottish Environment Protection Agency, 2020b). This is closest to location L7.
The time of high tide was used as a guide for the start of the survey.
6. Inthe last three surveys, some locations could not be reached due to rough weather.

To understand the impact of short-term variation, measurements were made through a tidal
cycle, from a single location, the Braehead pontoon (CEP), selected to be in the middle of the
inner Clyde estuary where a range of salinities could be observed. Surveys were undertaken
to cover a tidal cycle, but sampling times were changed relative to high tide to cover both ebb
and flood tides when possible. Samples were collected at the surface, by a 10 L bucket and
0.5m above the bed using a 5 L water depth sampler, with sample filtrations and processing
occurring on the day after the samples were collected due to the extended nature of the
survey. The Braehead pontoon is 7.9 km from the tidal weir and located on the south bank of
the estuary and extends about 25m into the estuary, which is about 150m wide at this
location. Measurements were made from the north side in the middle of the pontoon
(latitude 55.876932°N and longitude 4.360132°W). The Braehead pontoon is the same
location as CET L6 in the estuary transects survey (Table 2.3) and the most seaward estuary
location measured in the source-to-sea survey (E28) (Table 2.1), making a larger number of
independent data points available for this location. The water depth at this location varied
between 3m and 7m (dependent on the tidal cycle). The estuary is periodically dredged, and
the last known dredging activity occurred in the summer of 2020, and was ongoing during the
first survey (August 2020) reported here. Samples were collected on seven occasions
between August 2020 and May 2022. Details of the survey dates and river and tidal
conditions on these dates are included in Table 2.5 with photographs of the location and
adjacent outfall in Appendix 3. Estuarine sampling included water physical properties (Tw, EC,
pH and DO), GHG concentrations, DOC, DIC, TDN, TP, NOs’, NO, and NH4* and SUVA;ss. CO;
and CH, evasion data were measured using an ABB Microportable Gas Analyser GLA131 Series
(GGA) in the CEP6 and CEP7 surveys.
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Table 2.5 - Sampling dates in the Clyde estuary - tidal cycle (CEP)

No. Survey Date Survey time Average Time of Tidal River Flow at Comments
code(? (GMT) Surface High tide range mid survey
Temp () (°C) (GMT) (m) (m3/s)
1 CEP1 13-Aug-20 06:00 - 18:30 18.1 06:30 2.23 33.8 Surface only
2 CEP2  25-Feb-21 06:15 - 16:00 7.3 11:50 2.94 106.6 Surface and bed
3 CEP3  28-Mar-21 06:15-15:15 8.2 12:50 4.40 56.8 Surface and bed
4 CEP4 29-Jun-21  06:00 - 16:30 19.0 16:10 4.35 8.1 Surface and bed
5 CEP5 24-Aug-21 05:30-15:30 17.9 14:10 4.06 10.0 Surface and bed
6 CEP6 15-Mar-22 08:00 - 17:00 7.5 11:20 2.63 99.8 Surface, bed, evasion
7 CEP7 08-May-22 08:00-17:00 14.4 17:20 2.00 14.3 Surface, bed, evasion
Notes
1.  The survey code has the letters CEP, for Clyde Estuary Pontoon
2. The sea water temperature is presented as the average surface temperature measured across the survey
3. The river flow data is taken at Daldowie SEPA gauge and is indicated for the time of mid-point of the survey (UKCEH,
2020b)
4.  The tidal range is taken from a harmonic analysis of the Renfrew tide gauge which is located at Latitude 55.875908°N,
Longitude 4.360176°4 West (Scottish Environment Protection Agency, 2020b), 3.4km seawards of the survey location
5.  The surveys were undertaken across both ebb and flood tides. The tidal range is given for the tide most encompassed in

the survey, however there is considerable asymmetry across the semi-diurnal tides on the Clyde.
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Figure 2.1 - Map of all locations for riverine, estuarine and mine water sampling

Locations of the Clyde source-to-sea survey are numbered 1 to 28 and denoted ‘C’ for Clyde, ‘T’ for
tributary, 'L for loch and ‘E’ for estuary (Chapter 3). Locations denoted MA relate to the mine water
survey. MA1 - 6 are not included on this map and further details are provided in Figure 4.2 (Chapter 4).
CET1 to CET10 related to the Clyde estuary transect with points going seaward estuary (Chapter 6). CEP
related to the Clyde estuary pontoon survey and is the same locations as CET L6, E27 (Chapter 6). The
Clyde river-estuary transition CRE1 to 5 (Chapter 6) are the same as C23, C24, C25, E26 and E27.
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Sampling regimes

For all surface locations in the River Clyde, Clyde estuary and for MW, water samples were
collected in a ten-litre plastic bucket and no measurements were made directly in the river,
stream, outflow or estuary. Samples were either collected from the river bank, pontoon, or
side of the boat and in the cases for river locations from a bridge by lowering the bucket.
Bridges provided a safe and effective access point. For samples collected near-bed in the
estuary both from the power boat and pontoon, samples were collected after first measuring
the water depth and then lowering a hand-held water depth sampler to 0.5m above the bed.
The sampler was pulled through the water at depth for at least 30 seconds, to ensure the
water collected was from the desired depth, before a weight was dropped to trigger the
sampler to close. If the sampler hit the bottom the sample was discarded and then retaken to
avoid sediment entering the water sampler or sampling near a disturbed bed. These samples
were used for all sub-samples.

Dissolved gas samples were collected in triplicate at each location using the headspace
method prior to the collected water being disturbed by other measurements together with
ambient air samples (Billett and Moore, 2008). While ambient air samples were collected at a
consistent height for each location, it was not possible for the height of the ambient air
samples above the water surface to be consistent as, for example, some samples were
collected from the riverbank while other samples from bridges. Headspace samples were
collected using three 200 ml syringes fitted with a 3-way valve, with 100ml| of water and
100ml of air being drawn into the syringe and the syringes shaken vigorously for 60 seconds to
equilibrate the gas concentrations. The air sample was injected into pre-sealed rubber
plugged 20 ml glass vials, using a needle and excess sample being used to flush the vial via an
outlet needle. Both needles were removed quickly to prevent any loss from the vial. A 100ml|
air sample was injected into another rubber plugged 20 ml glass vial. While care was taken to
avoid water getting into the glass vials this did sometimes occur.

Dissolved oxygen saturation (DO%), DO, EC and Tw were measured in the sample, taken at 10
cm below the water surface using a HQ40d Multi portable meter (Hach) with a Intellical
CDC401 Laboratory 4-Poles Graphite Conductivity Cell, a Intellical LDO101 Laboratory
Luminescent / Optical Dissolved Oxygen and a PHC10101 Combined pH electrode. Time was
given to ensure sensor equilibrium. A two-litre bottle (plastic) was filled with water from the
bucket for later analysis and these were kept in a cool box until they were returned to the lab
for processing.

CO; and CH,4 evasion data were measured using an ABB Microportable Gas Analyser GLA131
Series (GGA). The GGA was connected via plastics tubes to a floating chamber covered in
aluminium foil to prevents warming in a recirculation mode. The floating chamber was
deployed on the estuary about 2m from the pontoon and measurements were made in
triplicate for 3 minutes at each measurement time for CEP6 and CEP7 (See Appendix 3). The
rate of evasion was calculated by accounting for the volume of the chamber and tubes and the
surface area of the chamber on the water surface. The period of 3 minutes was selected as it
was found that after three minutes the evasion rate decreased, and the relationship became
non-linear. It was assumed that this was due to GHG building up in the chamber head space,
impacting the head space saturation and equilibrium processes. While the chamber, with a
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volume of 6.5 litres and a surface area of 0.071m?, was relatively small, it could potentially
block the direct effect of wind, reducing evasion rates. However, it was observed that the
evasion rate responded rapidly to changes in wind speed, so any shielding was considered
minimal. Wind speeds during these surveys were light. In high wind speeds, wind generated
waves could cause the chamber to lift releasing any gases collected in the headspace, as such
this method was not suitable for measuring evasion rates during high wind and waves. Wind
speed measurements at 2m above the pontoon were made to support the evasion data.

Collection of samples for radiogenic and stable carbon isotope analysis of the dissolved CO,
and CHs required processing of between 10 and 70 litres of water, dependent on the CH,4
concentration, to ensure at least 2mg of carbon was available. This was approached by using
an accordion water container from which all air was removed, and any CO, stripped from the
residual air using soda lime. A pump was used to gently fill the container to minimise
degassing with between 5 and 6 litres of water and the volume ascertained using a balance.
One litre of air, stripped of the CO,, was added to the water container and the container
shaken for 2 minutes to ensure maximum movement of GHGs to the headspace. The air
sample was then pumped into gas tight bags for analysis (Garnett et al., 2016).

Analytical methods

The headspace samples were analysed using an Agilent 7890B gas chromatograph (GC) and
7697A headspace auto-sampler (Agilent, Santa Clara, California). Gas samples were typically
run the next day and always within 1 week of collection. The equipment and method were set
up to determine concentrations of CO,, CHs and N>,O and concentrations were calculated by
running gas vials containing four mixed gas standards prepared in a consistent way to the
ambient air samples. The concentrations of the standards gases were: 1.12 to 98.2 ppm for
CH4, 202 to 5253 ppm for CO; and 0.208 to 1.04 ppm for N,O. Typically, five sets of each of
the four mixed gas standards were included within each gas chromatography run, and even
for a short run a minimum of three sets of mixed gas standards were included.

The water samples were filtered on return to the laboratory on the same day as the samples
were collected, except for the pontoon estuary surveys where samples were filtered on the
following day. Filtration was through a Whatman GF/F 0.7 um, 47 mm diameter filter paper,
using a Nalgene filtration unit and an electric vacuum pump. These sub-samples were used
for analysis of: total dissolved nitrogen (TDN), total dissolved carbon (TDC) dissolved organic
carbon (DOC) and for ion chromatography and spectrophotometry and nitrite-N, nitrate-N,
and ammonia-N. Total phosphorus (TP) was measured from unfiltered samples. Metals
analysis by ICP-MS was applied to both filtered and unfiltered water samples.

Analysis for TDN, TDC and DOC were undertaken using a Shimadzu TOC-L series Total Organic
Carbon Analyser. The system was calibrated by running three or four standards for each of
TDN, TDC and DOC at the start and end of each machine run. All samples from each survey
were run together and samples were run either on the same day or the day after the survey.
Where samples were run the following day, they were refrigerated. For the Clyde riverine
survey day 1, samples were refrigerated for approximately 24 hours until the samples from
day 2 were available. The difference between TDC and DOC was used to calculate dissolved
inorganic carbon (DIC). The filtration resulted in out-gassing of gases including CO; raising the
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pH, such that most DIC measured by this method was in the form of bicarbonate and will
underestimate the total DIC (bicarbonate plus CO,) in the original stream waters.

Absorbance at 254 nm was measured using a Perkin Elmer LAMBDA® 365 UV/Vis
Spectrophotometer to evaluate the Specific Ultraviolet Absorbance (SUVA). The SUVA,
determined at 254 nm (SUVAs4) is strongly correlated with percent aromaticity, which is
important in assessing the nature or chemical composition of DOC in the water samples. A
low SUVA;s. indicates a smaller portion of aromatic humic matter present and can be used as
an indicator of the anthropogenic impact. Land cover linked to nutrient concentrations and
the density of humans have been found to impact humic composition (Williams et al., 2016).
Sample pH, nitrate, and iron can also influence SUVA measurements (Weishaar et al., 2003).

lon chromatography using a Metrohm 930 Compact IC Flex was undertaken to determine both
anion and cation concentrations in filtered water samples from the river Clyde and mine water
locations. This technique was not used for the highly saline estuary samples due to the risk of
damage to the column. A mixed ion standard containing 11000ppm chloride (CI’), 5000ppm
nitrate (NOs’), 4000ppm sulphate (SOs), 10000ppm sodium (Na*), 5000ppm ammonium
(NH4*), 1000ppm potassium (K*), 1000ppm calcium (Ca*?) and 1000ppm magnesium (Mg?*),
was diluted to make 7 standard solutions for the calibration. These included dilutions of
0.1:100, 0.5:100, 1:100, 2:100, 5:100, 10:100, and 25:100. For the mine water samples 8
standard solutions were used including an additional dilution of 50:100. Due to the availability
of the equipment some samples were frozen and then thawed before they were run while
other samples were run after being refrigerated, usually for 24 hours after the survey was
completed. All sample points from each survey were run together. In some conditions
concentrations exceeded the top standard. These included CI" and Na* after winter road
salting and particularly Ca*? and Mg?" in the urban tributaries during dry weather, which are
influenced by legacy industry and from mine water. When concentrations of Na* were high,
the Na* peak dominated the NH,* peak and no NH4* concentration data could be obtained.

Total phosphorous (TP) was measured using a SEAL AQ2 analyser. Samples were measured in
the unfiltered state, and all had been preserved by freezing before analysis. The samples were
prepared by using potassium persulfate (KS;0s) acid hydrolysis digestion to convert all forms
of phosphorous into orthophosphate. Phosphorous concentrations in the digested samples
were then determined according to the acid-molybdenum-blue colorimetric method.
Colorimetric determination of orthophosphate in water relies on the reaction of
orthophosphate with ammonium molybdate ((NH4)6Mo07034.4H,0) and potassium antimony
tartrate (CsH4K201,Sb,) in acid solution (H.SOi). The yellow phospho-molybdate complex
formed during the reaction is reduced with ascorbic acid (CsHsOs) to a more stable blue
complex. The intensity of the blue colour is proportional to the concentration of
orthophosphate present in solution and can be measured using colorimetry. Four standards
were included in each run for calibration of between 0.025 to 0.20 mg P L. Where
concentrations exceeded the top standard, the machine diluted and re-measured the sample.

Nitrite-N, nitrate-N, and ammonia-N were measured using a SEAL AQ2 analyser for the
estuary samples. Samples were filtered before measurement and had been preserved by
freezing before analysis. The nitrite-N was determined through the formation of a redish-
purple azo dye produced at pH 2-2.5 by coupling disazotised sulphanimide with N- (1-
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naphthyl)-ethlyenediamine dihydrochloride (NEDD). The absorbance of the resulting
compound was measured spectrophotometrically at 520nm. The nitrate-N was measured by
mixing the sample with a pH buffer and transferring the sample to a copper coated cadmium
coil, where the nitrate was chemically reduced to nitrite. The chemically reduced sample was
then mixed with a colour reagent by coupling disazotised sulphanimide with NEDD. The
absorbance of the resulting compound was measured spectrophotometrically at 520nm, as for
nitrite-N. The amount of nitrate-N was determined by subtracting the original nitrite value
detemined in the first test. Ammonia-N was measured by increasing the pH of the sample to
above pH 12. This enabled any ammonia in the samples to react with hypochlorite to form
chloramine. This was then reacted with alkaline phenol in the presence of nitroferricyanide.
The sample was incubated to form a blue indophenol dye and the absorbance of the resulting
compound was measured spectrophotometrically at 660nm. Where concentrations exceeded
the top standard, the machine diluted and re-measured the sample. One possible interference
with the determination of ammonia-N by this technique was that dissolved calcium and
magnesium may form a precipitation under the alkaine conditons causing a positive bias,
which can occur when water salinity approached that of seawater. Stable and radiogenic
carbon isotopes were measured as by the National Environmental Isotope Laboratory at East
Kilbride (NEIF Grant 2513.0422).

ICP-MS was conducted by Edinburgh University on both filtered and unfiltered samples to
determine concentrations of a large range of heavy metals. Samples were acidified with 1%
nitric acid prior to measurement. An Agilent 7900 ICP-MS was used to produce a semi-quant
scan of each sample in addition to the full quant data for all elements of interest including: Li,
Be, B, Na, Mg, Al, Si, P, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Nb, Mo, Ag, Cd,
Sb, Cs, TA, Hg, Pb and U. Multi-element calibrations were run at 6 dilutions at the start of the
run and then every 15 samples.

Gas partial pressures

To calculate dissolved gas concentrations and partial pressures from the headspace
equilibration method the following mass-balance equation was applied (Hamilton, 2006).

(COqu).(Vqu) + (CO gas).(Vgas): (Cqu).(Vqu) + (Cgas).(Vgas) (eq 1)

Where: Coiiq and Co gas are the original gas concentration, Ciq and Cgas are the concentrations in
the liquid and gas phases after equilibration (shaking) and Viiq and Vgas are the volumes of the
liguid and gas in the syringe (assumed to be the same before and after shaking). Assuming
equilibrium inside the vessel then Ciq can be replace by:

Ciig=Pgas. B7. Pear (eq. 2)

Where: Pear is the barometric pressure at the measurement time and altitude, Pg,;s is the
partial pressure in the gas phase, Br is the Bunsen solubility coefficient (Wanninkhof, 2014) as
a function of temperature. This can be rearranged:

(COqu): (Pgas . BT. PBAR) + (Cgas -Co gas).(Vgas)/(Vqu) (eq 3)

This gas concentration in pmoles/L can be converted to units of ppmv using the Ideal Gas Law,
where ppmv = (umoles/L).(RT), where R is the gas constant and T temperature in Kelvin.
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This method is effective for CHs and N>O but can lead to errors in CO; estimates as dissolved
CO; is in dynamic chemical equilibrium with other carbonate species. The error incurred by
headspace analysis of CO; is less than 5% for typical samples from boreal systems which have
low alkalinity (<900 umolL-1), with pH <7.5, and high pCO; (>1000 patm). This was the case
for 98% of the samples in the River Clyde and tributaries. The lower Clyde tributaries, with
both higher alkalinity and pH, were estimated as having errors reaching 10% (Koschorreck et
al., 2021). The mine water samples all had pH < 6.5 and high pCO- so errors were less than 5%
so this method could be applied. The estuary samples had both higher pH and had high
alkalinity and while all samples had high pCO,, CO, estimates would be expected to have
higher errors in this environment.
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Highlights

v ok wN e

Urban wastewater, mine water and agricultural inputs dominated GHG generation.
Anthropogenic urban nutrient sources disproportionately increased GHGs in summer.
Low oxygen and high riverine residence time increased nutrient impacts on GHGs.

A source-to sea methodology enabled easy identification of GHG sources and sinks.

Load appointment modelling enabled separation of point and diffuse GHG sources.

Abstract

There is growing global concern that greenhouse gas (GHG) emissions from water bodies are
increasing because of interactions between nutrient levels and climate warming. This paper
investigates key land-cover, seasonal and hydrological controls of GHGs by comparison of the
semi-natural, agricultural and urban environments in a detailed source-to-sea study of the
River Clyde, Scotland. Riverine GHG concentrations were consistently oversaturated with
respect to the atmosphere. High riverine concentrations of methane (CH.) were primarily
associated with point source inflows from urban wastewater treatment, abandoned coal
mines and lakes, with CHs-C concentrations between 0.1 - 44 pg I't. Concentrations of carbon
dioxide (CO,) and nitrous oxide (N:O) were mainly driven by nitrogen concentrations,
dominated by diffuse agricultural inputs in the upper catchment and supplemented by point
source inputs from urban wastewater in the lower urban catchment, with CO,.C
concentrations between 0.1 - 2.6 mg It and N,O-N concentrations between 0.3 - 3.4 pug I. A
significant and disproportionate increase in all GHGs occurred in the lower urban riverine
environment in the summer, compared to the semi-natural environment, where GHG
concentrations were higher in winter. This increase and change in GHG seasonal patterns,
points to anthropogenic impacts on microbial communities. The loss of total dissolved
carbon, to the estuary is approximately 48.4 + 3.6 Gg C yr?, with the annual inorganic carbon
export approximately double that of organic carbon and four times that of CO,, with CH,4
accounting for 0.03%, with the anthropogenic impact of disused coal mines accelerating DIC
loss. The annual loss of total dissolved nitrogen to the estuary is approximately 4.03 £ 0.38
Gg N yr?! of which N;O represents 0.06%. This study improves our understanding of riverine
GHG generation and dynamics which can contribute to our knowledge of their release to the
atmosphere. It identifies where action could support reductions in aquatic GHG generation
and emission.
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Greenhouse gases from human-impacted rivers and estuaries

Introduction

Greenhouse gas (GHG) evasion from inland waters is a significant source of atmospheric
GHGs. Global carbon dioxide (CO,) evasion has been estimated as 1.8 + 0.25 Pg C yr* from
streams and rivers, resulting in a global evasion rate from inland waters of 2.1 Pg C yr?
(Raymond et al., 2013). The contribution from streams and rivers is large relative to their
surface area, acting as hotspots for the exchange of gases with the atmosphere. The major
sources of CO; are direct input via groundwater inflow, which transports CO; originating from
soil respiration, and in-stream mineralization of organic carbon (OC) often from surface run-
off (Winterdahl et al., 2016). Riparian wetlands also contribute disproportionately to CO,
emissions (Abril and Borges, 2019). The relative importance of these mechanisms changes
with stream order as headwater streams have a larger soil-water interface compared to lower
reaches, resulting in the proportion of CO; produced from aquatic metabolism increasing with
stream size (Marx et al.,, 2017; Hotchkiss et al., 2015). The magnitude of CO; riverine
emissions is highly dependent on hydrology (Gémez-Gener et al.,, 2016). In urban areas
significantly higher nutrients, organic matter content, and riverine cyanobacteria impact CO2
variation (Salgado et al.,, 2022). Global methane (CH4) evasion from inland waters was
estimated at 398.1 + 79.4 Tg CH4 yr'%, with rivers evading 30.5 + 17.1 Tg CH,4 yr™%, with aquatic
ecosystems contributing about half of total global CHs emissions from anthropogenic and
natural sources (Rosentreter et al., 2021). Total CH; emissions were found to increase from
natural to impacted and from coastal to freshwater ecosystems, with emissions expected to
increase due to urbanization, eutrophication and positive climate feedbacks, although there is
significant uncertainty in the production, transportation and consumption processes
(Rosentreter et al., 2021 ; Stanley et al., 2016). Similarly the production and emission of
nitrous oxide (N,O) from aquatic systems are uncertain (0.3-2.1 Tg N,O-N yr?) with large
spatial and temporal variability in emission estimates (Seitzinger and Kroeze, 1998; Beaulieu
et al., 2011; Ciais et al., 2013). However N,O emissions from rivers, reservoirs and estuaries
have been estimated as 148-277 Gg N yr! with anthropogenic perturbations to river systems
resulting in a two to four-fold increase in N,O emissions from inland waters (Maavara et al.,
2019). The dominance of N,O emissions emanating from nitrification or denitrification in
inland waters is partly dependent on residence time (Zarnetske et al., 2011).

Urban rivers and lakes are potential hotspots for GHG emissions and there is an increasing
body of literature concerned with quantifying their contribution to aquatic GHG emissions
(zhang et al., 2021; Wang et al., 2021; Gu et al., 2021; Herrero Ortega et al., 2019; Martinez-
Cruz et al., 2017 and Garnier et al., 2009). In Mexico City water quality indicators (such as
tropic state index and phosphorous level) were positively correlated with CH, emissions,
suggesting a reduction in untreated wastewater discharge could concurrently reduce GHG
emissions. Fluxes of CHs were highly variable, both in and across ecosystem locations and
seasons (Martinez-Cruz et al.,, 2017) demonstrating the need for comprehensive studies to
understand these temporal dynamics. In water bodies around the city of Berlin, a combination
of high nutrient supply and shallow depth produced large CH, emissions. However dissolved
oxygen and productivity were found to be poor predictors of CHs emissions, suggesting a
complex combination of factors governed CH, fluxes from urban surface waters (Herrero
Ortega et al., 2019). Conversely in rivers and lakes within the city of Beijing, high CH,
emissions were attributed to high dissolved and sediment organic carbon, high aquatic

28 September 2022 30|Page



Greenhouse gases from human-impacted rivers and estuaries

primary production and shallow water depths, although results were again highly variable
(Wang et al., 2021a). In the Chaohu Lake basin in eastern China, diffusive CH; and N,O
emissions from rivers were due to large nutrient supply and hypoxic environments, with CO,
impacted by temperature-dependent rapid decomposition of organic matter (Zhang et al.,
2021). Positive correlations between temperature and GHG concentrations have been
routinely observed (Wang et al., 2021, Herrero Ortega et al., 2019 and Rosentreter et al.,
2021). The presence of ammonia, entering inland water from agriculture or wastewater, can
inhibit CH, oxidation resulting in elevated CHs concentrations compared to low nitrogen
systems and high evasion to atmosphere (Dunfield and Knowles, 1995; Bosse et al., 1993;
Cotovicz et al., 2021). Conversely in an investigation of N,O concentrations upstream and
downstream of wastewater treatment plants (WWTPs) in an urban river in Japan, lower N,O
concentrations were found in summer (Zhou et al., 2022). Positive correlations between
GHGs in surface waters and catchment agricultural land cover linked to higher levels of
organic matter and dissolved inorganic nitrogen from the agricultural dominated areas have
been found significant, with increases in GHG levels during prolonged low water levels (Borges
et al,, 2018).

GHG emissions are difficult to attribute to sources due to multiple generation and
consumption pathways and high spatial and temporal variability (Rosentreter et al., 2021).
Their production results from the interplay of multiple drivers and is influenced by, high
between and within-system variation, with the causes of this variation unknown. This
variation causes difficulties in up-scaling emissions from local-scale studies resulting in a need
for more detailed studies measuring more in-water parameters across a large temporal and
spatial scales. It is hypothesised, in this paper, the reasons for the high variation and poor
predictability include:

1. GHGs are not conserved like dissolved nutrients but readily out-gas especially in the riverine
environment with flow intensity and high stream slopes the primary controls (Long et al.,
2015; Maurice et al., 2017; Natchimuthu et al., 2017; Liu and Raymond, 2018; Maurice et al.,
2017)

2. The number of different source types within the riverine environment, including: point,
diffuse and in-water generation, change with land-use and need to be distinguished.

3. The concentration of nutrients is only one aspect of GHG generation, which changes with
availability of electron donors and acceptors, such that mixing of waters may stimulate GHG
production (Wrage et al.,, 2001; Furukawa et al., 2004; Broder et al., 2012; Zhang et al.,
2019).

4. Different GHG sources and dynamics dominate in different types and sizes of water body
dependent on: land-water interface, depth, hydraulic regime, sediments-water-air
interfaces, residence time, land-use, physio-chemical properties, microbial communities,
seasonality, and anthropogenic impacts on seasonal patterns of changing water level and
temperature.

The concentrations of GHGs in the riverine water column result from the balance between

input, consumption, production and output (Fig. 3.1).

Given the potential significance, but inadequate quantification and characterisation of urban
catchment fluvial GHG dynamics, further insight into how to quantify and interpret riverine
GHG concentration data could support improved estimates. This study addressed the
following key objectives: (1) does using a source-to-sea investigative approach allows
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quantification of how changes in the nature and size of the riverine environment impact GHG
concentrations, (2) can the key controls on GHG generation be determined by comparison of
the semi-natural, agricultural and urban environments, including key land-cover, seasonal and
hydrological controls, and (3) can point source, diffuse source and in water generation be
distinguished for different GHGs. A large temperate catchment was selected for the
investigation, where land cover transitioned from semi-natural, through pastoral and arable
agricultural to urban (including legacy industrial), as representative of many urbanised
catchments globally.

Air
Influx from
Evasion atmosphere
Generationin Consumedin
watercolum water column
Inputfrom local
source
_ Exported
mgggggnfrom downstream
Inputfrom e
groundwater l e eecial Water
Generatedin Burial
sediment Bed

Figure 3.1 - GHG generation, transport and loss - In the schematic the arrows show the direction of GHG
movement into/out-from the sediment (brown), water (blue) and air (grey). The balance between the
different sources and sinks changes along the river course. Both river slope and hydrology impact this balance
as they influence water residence times, sedimentation, out-gassing and nutrient concentrations from point
and diffuse sources.

3.2 Materials and methods

3.2.1 Study area

The River Clyde is the third longest river in Scotland (170 km) with a total river network length
of 4,244 km and drains a of 1903 km? (Clyde River Foundation, 2020). The River Clyde
together with the rivers Kelvin, White Cart, Black Cart and Leven enter the Clyde estuary, with
a catchment area of 3854 km? (Nedwell et al., 2002), which is home to 33.8 % (1.79 million) of
Scotland’s total population (Clyde River Foundation, 2020). Surface water quality, as assessed
in accordance with the European water framework directive (SEPA, 2018 and Natural
Scotland, 2015), ranges from ‘High’ in some small tributaries to ‘Bad’ in some urban
tributaries, with much of the River Clyde rated as ‘Moderate’. The groundwater quality is also
rated as ‘Poor’, both in the upper catchment in the Leadhills area and the lower urban
catchment. The River Clyde’s mean annual flows is 48.3 m3 s with the maximum flow of
560.5 m3s? (24 January 2018) as measured at Daldowie gauging station (supplementary data
Table 3.A.1) based on data between 1963 and 2019 (UKCEH, 2020b). The upper moorland
catchment consists of steep rough ground with hill pasture and some forestry as the major
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land use. In the middle catchment there is mixed farming including arable and pastoral and
significant urbanisation in the lower catchment.

3.2.2 Sites description and data collections

Twenty-six measurement locations were selected on the River Clyde and its major tributaries.
The locations were distributed along the River Clyde from near the source on Daer Water,
above Daer reservoir, to Glasgow Green just above the Clyde tidal weir, which separates two
distinct habitats of fresh and salt water. The sample locations are shown spatially against
both the water network of the River Clyde and tributaries (Fig. 3.2A) and the catchment land
cover (Fig. 3.2B).  Full details of the survey locations are provided in the supplementary
information Table 3.A.1 with photographs in Appendix 1. Samples were collected monthly
between January 2020 and December 2021 at all locations. Twenty-one sampling campaigns
were undertaken in total as no sampling was permitted during the period April to June 2020
due to Covid-19 working restrictions. Each sampling campaign was undertaken over two
consecutive days with samples collected at the upper catchment sites on day one and in the
lower catchment on day two. Sample filtration and processing being undertaken on the same
day the samples were collected.
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Land Cover Type B Freshwater
: I Acid Grassland 7 Heather grassland
Survey locations -
@ >Survey i [ Arable and Horticulture 8 Improved grassland
— Water courses ¥ Bog 1 Inland rock
— River Clyde B Broadleaf Woodland B Suburban

I coniferous Woodland Bl urban

Figure 3.2 - Spatial plots of the River Clyde catchment. Panel A shows the River Clyde and tributaries (Ordnance Survey, 2022) and Panel B shows the land cover (UKCEH,
2020a). The source-to-sea survey locations are denoted with the lowest number near the source of the River Clyde and the highest number near the river-sea interface. The
measurements on the River Clyde are indicated by a "C" and the tributaries by a "'T" and where the tributary is direct inflow from a loch this is indicated by an "L".
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3.2.3 Field sampling and laboratory measurements

Dissolved gas samples were collected in triplicate at each location using the headspace
method, prior to the collected water being disturbed by other measurements, together with
ambient air samples (Billett and Moore, 2008) Conductivity (EC), water temperature (Tw),
dissolved oxygen concentration (DO) and pH were measured, and a two-litre water sample
was retained for later analysis, which was kept in a dark, cool-box until returned to the
laboratory for processing, to minimise biological activity. Full details of the data collection and
laboratory measurement methodologies are described (Brown et al., 2023a).

Headspace samples were analysed using an Agilent 7890B gas chromatograph (GC) and 7697A
headspace auto-sampler (Agilent, Santa Clara, California), with CO,, CHs; and N;O
concentrations determined by running gas vials containing four mixed gas standards prepared
in a consistent way to the ambient air samples. The concentrations of the standards gases
were: 1.12 to 98.2 ppm for CH4; 202 to 5253 ppm for CO; and 0.208 to 1.04 ppm for N,O.
Water samples were filtered within 12-hrs of collection through a Whatman GF/F 0.7 um,
under vacuum. Filtrate was then analysed for: total dissolved nitrogen (TDN), total dissolved
carbon (TDC) and dissolved organic carbon (DOC), anion & cation concentration, UV-Vis
absorbance. Total phosphorus (TP) analysis was undertaken on unfiltered samples. Analysis
for TDN, TDC and DOC were undertaken using a Shimadzu TOC-L series Total Organic Carbon
Analyser with all samples run within 36-hrs of collection. The difference between TDC and
DOC was used to calculate dissolved inorganic carbon (DIC). The filtration resulted in out-
gassing of gases including CO, raising the pH, such that most DIC measured by this method
was in the form of bicarbonate and will underestimate the total DIC in the original stream
waters (bicarbonate plus CO,). Absorbance at 254 nm, indicative of aromaticity, was
measured using a Perkin ElImer LAMBDA® 365 UV-Vis Spectrophotometer to evaluate the
Specific Ultraviolet Absorbance (SUVA). A low SUVA;s, indicates a smaller portion of aromatic
humic matter present in the water and can be used as an indicator of the anthropogenic
impact (Williams et al., 2016). lon chromatography using a Metrohm 930 Compact IC Flex
was undertaken to determine both anion and cation concentrations. A mixed ion standard
containing 11000 ppm chloride (CI'), 5000 ppm nitrate (NOs’), 4000 ppm sulphate (SO%),
10000 ppm sodium (Na*), 5000 ppm ammonium (NH4*), 1000ppm potassium (K*), 1000ppm
calcium (Ca?*) and 1000ppm magnesium (Mg?*), was diluted to make 7 standard solutions for
calibration. These included dilutions of 0.1:100, 0.5:100, 1:100, 2:100, 5:100, 10:100, and
25:100. Total phosphorous (TP) was measured using a SEAL AQ2 analyser. Four standards
were included in each run for calibration of between 0.025 to 0.20 mg P LY Where
concentrations exceeded the top standard, the machine diluted and re-measured the sample.
For all techniques all sample points from each survey were run together.

3.2.4 Gas partial pressures

To calculate dissolved gas concentrations and partial pressures from the headspace
equilibration method the following mass-balance equation was applied (Hamilton, 2006).

(COqu).(Vila) + (CO gas).(Vgas)= (Cqu).(Vqu) + (Cgas).(Vgas) (Eq 1)
Where: Coiiq and Co gas are the original gas concentration, Ciq and Cgas are the concentrations in

the liquid and gas phases after equilibration (shaking) and Viq and Vgas are the volumes of the
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liquid and gas in the syringe (assumed to be the same before and after shaking). Assuming
equilibrium inside the vessel then Ciq can be replace by:

Cliq: Pgas. BT. Psar (Eq 2)

Where: Psar is the barometric pressure at the measurement time and altitude, Pgas is the
partial pressure in the gas phase, Br is the Bunsen solubility coefficient as a function of
temperature. This can be rearranged:

(COqu)= (Pgas . BT. PBAR) + (Cgas -Co gas).(Vgas)/(Vqu) (Eq 3)

This gas concentration in pmoles/L can be converted to units of ppmv using the Ideal Gas Law,
where ppmv = (umoles/L).(RT), where R is the gas constant and T is the temperature in Kelvin.

This method is effective for CHs and N>O but can lead to errors in CO; estimates as dissolved
CO; is in dynamic chemical equilibrium with other carbonate species. The error incurred by
headspace analysis of CO; is less than 5% for typical samples from boreal systems which have
low alkalinity (<900 umolL-1), with pH <7.5, and high pCO; (>1000 patm). This was the case
for (98% of the samples here but errors in the lower Clyde tributaries, with both higher
alkalinity and pH, were estimated as reaching 10% (Koschorreck et al., 2021).

3.2.5 Data sources and processing

Flow data measured by SEPA at their various gauging stations was used for all hydraulic
calculations, details of the data applied at each location are provided in the supplementary
information Table 3.A.1 (Scottish Environment Protection Agency, 2020 and (UK Centre of
Ecology & Hydrology (UKCEH), 2020). River flow, over the period January 2020 to December
2021, for the Sills of Clyde in the upper catchment ranged between 2.5 and 345 m3s? (the
survey captured a range of 3.3 - 113 m3 s?) and Daldowie in the lower catchment ranged
between 4.8 and 522 m3s? (the survey captured a range of 5.6 - 170 m3s?) (Fig. 3.3 A & B).
The River Clyde experiences significant height loss between 75 and 100 km from source, which
would be expected to produce significant out-gassing (Fig. 3.3 C) and significant inputs from
urban wastewater treatment (UWWT) and mine water outflows (MW) (Fig. 3.3 D).
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Figure 3.2 - River Clyde volumetric flow and contaminants inputs - Panels A and B show the volumetric
flow (Q) for the upper and lower River Clyde relative to the survey dates for the first and second days of the
surveys respectively. Effort was made to get consistent riverine flows over the two days of sampling, although
during high river flows this was not possible (e.g. August 2020). In the spring and summer of 2021 (from April
to September inclusive) a period of very low rainfall persisted, which was twice the duration as for 2020 and
resulted in very dry conditions across the Clyde catchment. Panel C shows the height and area of the Clyde
catchment compared to distance from source for the different measurement points. Panel D provides
information on cumulative point sources entering the River Clyde from both urban wastewater treatment
plants (UWWTP) in per 1000 person equivalent (1000ppe) and the cumulative number of known sources for
Mine Water (MW) outflows. Note that this provides no information on the volume of MW entering the River
Clyde or the degree of treatment. MW volumetric flow varies widely from different sources.

Data was analysed using a combination of approaches. Spatial analysis of all measured
parameters was undertaken using Quantum Geographic Information System (QGIS) version
3.22. Lland cover analysis was undertaken by generation of the catchment area for each
measurement point and applications of a land cover date; (UK Centre for Ecology & Hydrology
(UKCEH), 2020) also using QGIS. Pearson’s correlation was applied to determine relationships
between the GHG concentrations, water physiochemical properties and land cover. Locations
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were grouped using K-cluster analysis, to help investigate the impact of seasonality, based on
measured water chemical properties (DOC, DIC, TDN, TP, CI, NOs, SO4*, Na*, NH4*, K*, Ca®*
and Mg?*). Physical parameters such as temperature (which mainly distinguish sites by
elevation) and conductivity (a function of all dissolved ions) were not included.

Load appointment modelling (Bowes et al., 2008) was applied to all the GHG and chemical
concentration data at all locations where flow data was available or could be calculated. The
difference in the occurrence of point and diffuse sources is linked to the concentration-flow
relationship, and can be calculated by using equation 4, where Q is volumetric flow rate and Cp
and Cp are the point and diffuse source concentrations respectively. The constants A, B, C and
D need to be calculated by iteration for each solute (Bowes et al., 2008). The models for the
point and diffuse sources once generated were then applied to the full 2 years of flow data
from January 2020 to December 2021 to determine volume transport for each GHG or solute.

Cr=Cpr+Co, whereCr-A.Q®Y and Co-C.Q®Y (Eq. 4)
3.3 Results

3.3.1 GHG concentrations and water contamination from source-to-sea.

Maximum concentrations for all GHGs occurred in the river urban section during July-
September 2021, where concentrations of reached; CHs-C 44 pglL?, CO,-C 2.6 mg L and
N,O-N 3.4 pglL?, with corresponding saturations of 130400%, 1170% and 1310%, respectively.
All GHG concentrations exhibited both strong spatial and temporal variability. Riverine
dissolved GHGs (CHs, CO, and N;O) were typically supersaturated with respect to the
atmosphere, with >97% above the theoretical equilibrium value. The lowest saturations
occurring in areas of steep slope and high turbulence, which included the head waters of the
Clyde (C3) and the areas surrounding the Falls of Clyde (C12, T13, C14, T15, C16 and T17), with
CHsshowing the largest change in concentrations.

Riverine dissolved GHG (CH4-C, CO,-C and N,O-N) and water physiochemical property (TP,
TDN, DOC, DIC, CI, NOs, SO4%, Na*, NH4*, K*, Ca?*and Mg*") concentrations for the different
locations measured on the River Clyde (Fig. 3.4 A) and its tributaries (Fig. 3.4 B) all increased
from source-to-sea, in line with increasing percentage of both agricultural and urban land
cover (Fig. 3.4 C). Average concentrations for all locations are included in supplementary data
Tables 3.A.2 and 3.A.3.
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Figure 3.4 - Radar plots of average dissolved GHGs and water chemical properties - Panel A and B are
radar plots of average dissolved GHGs (CH4-C, CO2-C and N20-N) and water chemical properties (TP, TDN, DOC,
DIC, Cl-, NO3-, SO42-, Na+, NH4+, K+, Ca2+ and Mg2+). The source-to-sea survey locations are denoted with
numbers from 1 (source) to 26 (sea), with the River Clyde indicated by a "C" and the tributaries by a ‘T or 'L,
where direct inflow is from a loch. Panel A is a source-to-sea progression of the River Clyde (coloured brown-
green-blue) clearly demonstrating how the concentrations increase downstream. All data are normalised to the
maximum average value for any survey location. Panel B is a source-to-sea progression for the Clyde tributaries,
with tributaries joining in the upper Clyde (green), the middle Clyde (red-orange) and the lower Clyde (blue) and
exhibiting a similar progression of concentrations. All data are normalised to the maximum average value for any
survey location. Panel C shows the percentage land cover change between each location from source-to-sea on
the River Clyde for comparison with panel A. Semi-natural (acid grassland, heather and forest) is in green,
agricultural (arable and improved grassland) in light blue and urban (urban and suburban) in dark blue (UK Centre

for Ecology & Hydrology, 2020).

3.3.2

Land cover relationship with and methane and nitrous oxide dynamics

To determine land cover influences on nutrient and GHG concentrations, the land cover was
correlated to the measured GHG concentrations and water physio-chemical properties (Table
3.1 and supplementary data Table 3.A.4 and supplementary Figure 3.A.1 and 3.A.2). Analysis
was for the tributaries and Clyde headwaters only, to ensure all data was independent and

points within the analysis were on a similar spatial scale (catchment area < 250km?2). As such

the measurements points in the lower urban River Clyde catchments (with the highest GHG

concentrations) are not included to avoid confounding of data.

28 September 2022

39| Page



Greenhouse gases from human-impacted rivers and estuaries

Table 3.1 - Pearson’s Correlation Coefficient between nutrients and GHGs (EC, DO%, pH
SUVA;s,, TP, DOC, DIC, TDN, CH4, N2O and CO,) and percentage land-cover across Clyde
tributaries and headwaters

Land use type % CH; CO2, N0 EC DO% pH DOC DIC TDN TP  SUVAzs
Acid grassland 21.7% -038 0.06 -040 -0.84 0.24 -0.84 -0.88 -0.77 -0.94 -0.93 0.79
Arable & horticulture 39% 0.51 -0.05 0.07 0.65 -006 073 048 0.77 0.74 0.67 -0.63
Bog 57% 0.04 -041 002 036 023 063 064 027 061 0.77 -0.41
Coniferous woodland 13.8% 0.05 0.28 0.08 0.16 0.15 0.05 0.61 0.20 0.27 0.30 -0.11
Freshwater 0.7% 0.2 -005 -0.10 -0.10 0.13 -0.03 -0.22 -0.09 -0.10 -0.16 -0.04
Heather 29% -015 -020 -0.01 019 -001 0.08 055 008 0.33 0.14 -0.27
Heather grassland 1.4% -0.03 0.13 0.15 -0.05 -0.21 -0.22 0.10 -0.06 -0.10 -0.07 -0.06
Improved grassland 29.4% 021 -020 038 0.76 -0.18 082 091 064 091 0.94 -0.70
Inland rock 09% o071 056 055 0.73 -055 048 036 0.85 054 0.44 -0.51
Urban & Suburban 78% 059 006 049 088 -056 0.85 036 0.84 0.78 0.70 -0.81

Notes

1. Vales are the Pearson’s correlations coefficient with the values in bold considered significant with at P-value < 0.05.

2. There is a strong correlation between broadleaf woodland and urban and suburban land-cover within the Clyde catchment (R?

=0.91, P-value <0.001), possibly because broadleaf woodland has been planted within the suburban and urban environment.
Hence broadleaf woodland has not been included (4.2%).

3. To ensure all data points are independent only tributaries and the upper River Clyde are included. As a result, the lower Clyde
points (including the large UWWTP linked to high CHa concentrations) are not included to avoid confounding of catchments.

Conductivity, pH, TDN, TP, DIC, DOC, CI, NOs, SO4*, Na*, NH,*, K*, Ca?*, Mg?* and N,O-N were
strongly negatively correlated with percentage cover of acid (semi-natural) grassland and
positively correlated with improved (pasture) grassland, suggesting that acid grassland
behaved as a nutrient sink while improved grassland behaved as a nutrient source. Arable &
horticulture (arable) cover was positively correlated with EC, pH, DIC, TDN, TP, CI;, NOs", NH,*,
K*, Ca?*, Mg?* and behaved as a nutrient source. The area of arable & horticulture cover is an
order of magnitude lower than for improve grassland, but correlations are similar (Table 3.1
and supplementary data Table 3.A.4.

Urban & suburban (urban) cover was strongly positively correlated with EC, pH, TDN, TP, DIC,
Cl, NOs, SO4%, Na*, NH4*, K*, Ca?*, Mg?*, CH4-C and N,O-N suggesting that the urban cover acts
as both a nutrient and GHG source. Urban land cover was negatively correlated with DO%
while other land-cover types had no statistically significant impact of river oxygenation.
Improved grassland, urban and arable cover were all negatively correlated with SUVA;s,
suggesting an anthropogenic influence as land cover linked to nutrient concentrations and
human density have been found to impact humic composition (Williams et al., 2016). No
statistically significant correlations are detected for CO, except that of inland rock (Table 3.1
and supplementary data Table 3.A.5).

3.3.3 GHG spatial heterogeneity

The spatial patterns of CHs, N,O and CO; are similar, with the lower (urban) catchment to the
northwest having the highest concentrations (Fig. 3.5). The concentrations of CHs, N,O and
CO; in the middle catchment associated with the Falls of Clyde (C12-C18, 78 to 100 km from
source) an area of high turbulence with an elevation drop of 150m are the lowest, and are
typically at or near atmospheric equilibrium, likely associated with high evasion due to
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increased turbulence. The upper more rural catchment has more variability between the
different GHGs. For example, T10 has both high CH,; and CO, but lower relative N,O
concentrations and was observed associated with MW inflows, conversely the C9 has higher
N,O but lower relative CHs and CO; concentrations and has high agriculture land cover.

Average SUVA;s, values of 5 (35% aromaticity) occur in the upper catchment dropping to 3
(20% aromaticity) in the lower catchment with the three most urban tributaries (T19, T22 &
T23) consistently demonstrate the lowest values characteristic of high anthropogenic impact.
The spatial patterns for DIC, SO4%, Ca%*, Mg? and K* (supplementary data Figure 3.A.3-6) are
similar and exhibit high concentrations in the tributaries measurements (T10, T13, T19, T22 ),
all of these catchments are influenced by legacy coal mines and outflow of MW (Fig. 3.3 D).
The tributary T23 also exhibits high SO4* and Na* compared to other ions suggestive of a
different industrial legacy waste history. The lons, ClI, NOs, Na* and NH,*, all increase with
urbanisation of the catchment and are consistent with anthropogenic sources (Herlihy et al.,
1998).
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Methane - Carbon (ug I'') Nitrous Oxide - Nitrogen (ug I'")

Carbon Dioxide - Carbon (mg I)

Figure 3.5 - Spatial average of CHs, CO2, N2O and SUVA at 254nm across the Clyde catchment - The
average concentration data for CH;-C, N,O-N, CO,-C and SUVA;s, shown spatially (for Tw, EC, pH, DO, TP, TDN,
DOC, DIC, CI, NO5, SO4%, Na*, NHz*, K*, Ca?*, Mg?* see supplementary information Figure 3.A.3-6). The size of
the marker denoting the average concentration / value at each measured location. The concentrations of all
three GHGs (CH4-C, CO,-C and N,0-N) are low in the middle Clyde catchment due to high out-gassing
corresponding to regions of high turbulence. Both CH4 and N,O concentrations are high in the lower
catchment. Both CH;-C and CO,-C concentrations are elevated in tributaries that have significant MW inflow
(e.g., at T10). The SUVA 54 values decrease from the upper to lower catchment.
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3.3.4 Seasonal GHG distribution by land use characteristics

Locations were grouped using K-cluster analysis based on measured water chemical
properties. The result with six clusters was selected and summarised in Table 3.2.

Table 3.2 - Cluster analyses based on the measured water chemical properties (DOC, DIC,
TDN, TP, CI', NOs', SO.%, Na*, NH4*, K*, Ca?* and Mg?**) distinguishes locations by position in
the catchment.

No Cluster Name Locations Description

1 Upper Clyde- C7,C8,C9 Upper section of the River Clyde, with both pastoral and
Agricultural arable agriculture

2 Middle Clyde- C11,C12,C14, Middle section of the River Clyde with a mixed signal of
suburban arable Ci16, C18 suburban, mining and agriculture

3 Lower Clyde- C21, C24,C25, Lower section of the River Clyde, dominated by high urban
highly urban C26 land coverage and increases in ClI, TDN and TP

4 Upper tributaries- T1,C2,T4,T5, Upper Clyde tributaries, flowing from semi-natural or
Semi-natural T6 pastoral environments including streams from reservaoirs.

5 Middle tributaries- T10,T14,T15, Middle Clyde tributaries, dominated by pastoral and arable
rural plus mining T17 agriculture, disused coal mines and DOC from peat

6 Lower tributaries- T19,T22,T23 Lower Clyde tributaries, dominated by urban, coal mining and
urban plus mining legacy industry with the highest concentrations of all ions.

Notes:

1.  K-Cluster analyses based for 6 clusters using measured water chemical properties effectively distinguishes locations on the river

2.

Clyde and tributaries by their position in the catchment.
C3 (measured below Daer reservoir) and L20 (Strathclyde Loch) were not included in the cluster analysis as these primarily
represent lake properties rather than riverine properties.

Seasonal patterns for riverine dissolved GHGs (CH4, CO; and N»O) and water physiochemical
properties (TDN and TP) were investigated using the clustering in Table 3.2 and were found to
be inconsistent throughout the catchment (Fig. 3.6). In the upper and middle catchment for
both the River Clyde and its tributaries, CHs and TP concentrations exhibit low variability by
season. However, in the lower urban catchments both the highest mean and maximum
concentrations occur in summer and autumn. Concentrations of CH, in the lower urban
catchment have increased by an order of magnitude and TP by at least four times. Conversely
N,O, CO; and TDN exhibit their lowest average values in summer with the highest values in
spring and winter in the upper and middle catchments. However, in the lower urban
catchment the seasonality pattern changes with the highest concentrations of N,O, CO, and
TDNin the summer.

The seasonal change in summer could be driven by temperature or reduced river flow.
Temperature is correlated with reduced river flow and this correlation becomes more
significant in the lower urban catchment (at C9 (upper catchment); R? = 0.5, p-value <0.03 and
at C24 (lower catchment); R? = 0.61, p-value <0.003 (August 20 data excluded and log-linear
relationship applied)). The low river flow in summer would impact contaminant and nutrient
concentrations particularly where these are linked to point rather than diffuse sources. Thus,
this seasonal impact could be driven by temperature and concentrations of nutrients from
point sources.
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Figure 3.6 - Seasonal analysis of GHGs for the upper, middle and lower River Clyde and tributaries -
Box plots of concentrations of dissolved CHs-C, CO2-C, N2O-N, TDN and TP, showing the median, 25%
and 75 % quantiles, minimum and maximum for a seasonal analysis: spring (March-May) light blue,
summer (June to August) yellow, autumn (September to November) red and winter (December to
February) blue. The results are grouped by region of measurement on the upper, middle and lower
River Clyde and tributaries. Seasonal trends that occur in the upper and middle reaches are impacted
in the highly urban lower Clyde and its tributaries.
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3.3.5 GHGs, nutrient and contaminants correlations

Correlations over the whole catchment show that both CH; and N,O were significantly
positively correlated with TP, TDN, NOs and NHs" with CH; also significantly positively
correlated with DIC and Mg?* and N,O significantly positively correlated with CI.  CH,4, CO, and
N,O are all negatively correlated with DO%, with CHs and CO, meeting the significance criteria
(Table 3.3 and supplementary data Table 3.A.2). In the urban sector (L20 to C26) DO values
are lower (supplementary data Table 3.A.3), suggesting reduced water aeration. Conductivity,
DIC, CI, SO4%, Na*, K*, Ca?*, Mg¥, are all strongly inter-correlated. TDN is strongly correlated
with NO3™ but also TP. These correlations are not consistent across the whole the catchment
and are investigated using the clustering from Table 3.2. The correlations for clusters 1, 3, 4
and 6 are shown in Fig. 3.7.

Table 3.3 - GHG correlation (Pearson’s R) with water physiochemical properties over the
whole catchment

GHG EC Tw pH DO DO% DOC DIC TDN TP SUVA;54
CHs-C 0.41 0.34 0.13 -0.47 -0.42 0.03 0.41 0.43 0.45 -0.18
CO,-C 0.23 -0.04 -0.10 -0.28 -0.64 -0.02 0.19 0.23 0.19 0.02
N,0-N 0.49 -0.14 0.12 -0.11 -0.38 0.01 0.16 0.47 0.51 -0.10

There are few significant correlations for GHGs in the upper catchment, especially for CHs, N,O
is positively correlated with Ty, NOs* and TDN, and CO; negatively correlated with DO% (Fig.
3.7 A and B). However, in the lower urban catchment strong correlations occur between
almost all GHGs and physiochemical properties, suggesting high GHG concentrations occur as
contaminate concentrations increase and DO% decreases (Fig. 3.7 C and D). The correlation
between TDN and TP is high in the urban environment (Pearon’s R= 0.76), both linked to
UWW. This may result in some correlations which are unlikely to be causal. In the urban area
CH, is highly correlated with TP and N,O with TDN (associated with UWW), and CH, with the
DIC, SO4*, Ca* and Mg? grouping (associated with MW), suggesting different mechanisms for
CH4 production compared to the semi-natural environment. In the urban area significant
negative correlations occur between DO% and SUVA,s, with most physiochemical properties
and GHG concentrations.
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Figure 3.7 - Correlation (Peason’s R) between GHGs and physiochemical water properties

Correlations are for A) the upper and B) lower River Clyde and C) upper and D) lower Clyde tributaries as
selected from the groups in Table 3.2. Positive correlations are depicted in blue and negative
correlations in red with the stronger correlations in a darker shade. Positive correlations < 0.4 and
negative correlations > -0.4 have been excluded as do not meet this significance criteria (p-value <0.005)
Correlations increases in the lower catchment, with GHGs strongly correlated with contaminates and
inversely correlated with DO%.

Drivers for greenhouse gas concentrations

Using a load apportionment model the GHG and solute concentrations can be modelled and
the exponents (B and D) from the relationships for concentration as a function of flow
(equation 4) can be estimated for point and diffuse sources and used to distinguish four
source types: (1) point sources which are fully independent of flow (B = 0), (2) point sources
where concentration appears influenced by flow or rainfall (0 < B < 1), (3) diffuse sources
where the concentration increases with flow (D > 1) and (4) diffuse sources where
concentrations remain constant with flow (D = 1). The ions, nutrients and GHGs are
categorised for these four source types in Table 3.4 and show different behaviours in the
upper and lower catchment.
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Table 3.4 - Categorisation of the dominant sources of GHG and nutrients between point and
diffuse sources and their dependence on flow in upper and lower Clyde catchment

Upper catchment dominant source Lower catchment dominant source
Point Diffuse Point Diffuse
Independent Cl, Na* 4 CHa, TP, NH4* Cl, Na+ @

3 of flow (TDN, N20, CO,) NOs’, N20, CO;

o

i | Influenced by | DIC, SO4%, CHa4, N20O, CO;, 3, DOC DIC, SO4%, Ca?*, Mg?* | TDN, K*, DOC

flow Ca, Mg ® | 1p TDN, NO5, NH*, K* @
Notes:
1. Point sources independent of flow are only evident in the lower (urban) catchment and all GHGs are influenced by this type of
source. Values in brackets are significant sources not the dominant source.

2. Point sources influenced by flow (DIC, SO4%, Ca?*, Mg?*) are related to groundwater inputs. This type of source occurs in both

the upper and lower catchment for this group of ions. lons concentrations increase by an order of magnitude between the
upper and lower catchment. This can be attributed (due to extensive further investigation by the authors) to mine water
outflows from disused coal mines, which is a feature of the middle and lower Clyde catchment. Rainfall influences both the
water residence time within the mine system and source flow rate influence the point source characteristics.

3. Diffuse sources where the concentration increases with flow, such as for DOC are dominated by storm runoff events (Vaughan
et al.,, 2017). GHGs in the upper catchments behave similarly to nutrient suggesting a similar source, however in the lower
catchment point sources dominate GHG concentrations to the extent that for CHa diffuse generation is difficult to detect.

4. Diffuse sources where the concentrations are independent of flow are exhibited by CI-and Na*, throughout the catchment.
Salt in river water is typically found to be damped by the catchment and independent from atmospheric inputs. (Neal and
Kirchner, 2000). This type of analysis does not account for period inputs such as those caused by winter road salting.

Mean concentrations together with calculated point and diffuse concentrations for the River
Clyde from source-to-sea (Fig. 3.8 and supplementary data Figure 3.A.3-6), show the
increasing significance of point source inputs in the lower urban river for both GHGs and
nutrients. In the upper catchment GHG concentrations are dominated by diffuse agricultural
sources. In the lower, urban catchment point sources become dominant over diffuse sources
for CH4, TP and NH4* and become significant for N,O, CO,, NOs and TDN. Additionally, while
NOs, N2O and CO; are still dominated by diffuse flow their concentrations remain constant
with flow, suggesting a reduced connection with their catchment and N,O and CO; generation
in the water column with in-water generation and out-gassing approximately in balance (N,O
by (de)-nitrification of dissolved nitrogen compounds and CO; by in-stream mineralization of
DOC rather than direct input via groundwater inflow). The CHs concentrations best reflect
those of TP (R? = 0.5, P-value <0.005), while TDN concentration are reflected by N,O (R? = 0.65,
P-value <0.0005) and CO, (R? = 0.71, P-value <0.0002) concentrations. The locations C21
(112km from source) and C26 (134km) (Fig. 3.8) show the highest concentrations of CH; and
N,O, which are within 0.3km and 3.4km of UWWTP outfalls. The tidal weir (400m
downstream of this C26) locally reduces flow and increases water residence times, which may
act to reduce DO% seen at this location. The major point sources identified in the lower
catchment included inflows from UWWTP and MW from abandoned coal mines detailed in
Fig. 3.3 D.
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Figure 3.3 - Average concentrations from point source and diffuse sources on the River Clyde

The concentrations for measured data and determination of point and diffuse sources are shown for:
(A) CHas, (B) CO2(C) N20O (D) TP, (E) TDN (F) DOC, (G) DIC, against distance from source (C2 at Okm to C26
at 134 km). For other ions supplementary data Figure 3.A.7. The measured concentrations are the
average values measured across the 21 surveys for each location. The point and diffuse concentrations
are the average values based on the 2 year of flow data for the time of the survey (1% January 2020 to
31 December 2021) applied at 15-minute intervals. Considerable input from point sources for both
nutrients and GHG occurs after a distance of 95km and is coincident with an increase in urban land
cover and the three highly urban tributaries entering the River Clyde.
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3.3.7 Carbon and nitrogen exports to the estuary

Data measured at C26, was used to estimate the carbon, nitrogen and other direct riverine
exports into the Clyde estuary. The horizontal flux models for these exports of are included in
Table 3.5 based on volumetric flow rate (Q) in m*® s*. The annual export, based on flow data
for the survey period (1-Jan-20 to 31-Dec-21) is included in the final column of Table 3.5. This
estimate only includes fluxes attributed to continuous point or diffuse sources. Sporadic
pollution from winter road salting or periodic agricultural fertiliser application is estimated
separately.

Storm events dominate riverine loading of DOC and nutrients from agricultural run-off and
low water levels dominate inputs from point sources, particularly those near to measurement
locations. Variability in this relationship does arise due to hysteresis. For example DOC
concentrations during storm events are related to the whether the DOC source is plentiful or
exhaustible (Vaughan et al., 2017, Vaughan and Schroth, 2019 and Pohle et al., 2021). In this
study continuous measurements were not available, resulting in the inability to quantify any
hysteresis.

The annual loss of TDC from DIC, TOC, CO, and CH,, to the estuary was estimated as 48.39 +
3.6 Gg C yrt, with annual DIC export approximately double that of DOC and four times that of
CO,, with CH4 accounting for 0.03%. The annual loss of total nitrogen, from TDN and N,O, to
the estuary was estimated as 4.03 £ 0.38 Gg N yr! of which N,O represents 0.06%. The largest
exports are for TDC, CI, SO4%, Ca?, all exceeding 40 Gg yr?, with Na* exceeding 36 Gg yr?, with
road winter salting contributing an additional 10 Mg yr! of CI"and 5.6 Mg yr* of Na*.

Table 3.5 - Flux of CO;, CH4, N,O, TP, TDN, DOC, DIC, Cl', NOs, SO.%, Na*, NH4*, K* ,Ca%,
Mg?into the Clyde Estuary

Flux Concentration equations R? P-value  Annual export
(Qisinm3s?) (tonnes)
Cr-A.Q®Y +c.qQ®V
Fooc (mgl?) =36.0526.Q ! + 0.4979 . Q 06940559 0.425 <0.005 13534 +1510
Foic (mgl?) =60.70614. Q 036701 0.891 <0.001 27629 £1448
Fron (mgl?) =22.1784.Q 71 + 1.5727.Q 0.819 <0.001 4023 £377
Fcoz (mgl?) =9.66653.Q 1 + 0.825557.Q 0.781 <0.001 7213 +654
Fona (ugl™) =184.1654 . Q' + 0.000000394 . Q 293923 0.798 <0.001 14.4 3.3
Frzo (gl?) =13.291247.Q ! + 0.07187. Q°3828 0.753 <0.001 2.3+0.14
Fre (mgl?) =2.490657.Q ' + 0.000132 . Q !3167° 0.964 <0.001 229 £36
Fer(umoll?) =8303.752. Q" + 494.1491 .Q 0.719W@  <0.001 48273 +5186
Fnos (umoll?) =1533.528. Q! + 74.2137.Q 0.773 <0.001 13978 £1543
Fsoa? (umoll?) =1140.427 . Q 0430324 0.744 <0.001 40968 +3778
Fna*(umollt) =10460.07.Q " + 524.7421.Q 0.8370@ <0.001 36001 £5734
Fnra*(umoll?) =139.6026.Q ' + 11.07243.Q 0.342 <0.001 498 162
Fc*(umoll?) =8639982.Q ' + 55.69099 . Q 100091 0.927? <0.001 5805 +474
FcaZ*(umollt) =1986.658 . Q 0-31986 0.841 <0.001 42040 #3376
Fumg2*(umoll ) =1349.282 . Q 04215% 0.8731 <0.001 12598 +1412
Notes:

(1) CT=CP+CD, where CP = A.Q®®Yand CD = C.Q®Y (C = concentration, T = Total, P = Point, D = Diffuse)
(2) Two values removed for January 21 and February 21 and assumed due to winter salting, as salt evident on the roads
(3) One value removed for August 2021 due to tidal ingress at Glasgow green, this most influenced K* Mg?*Na*and Cl-concentrations.
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Despite the focus on measuring DOC in rivers, a recent UK modelling study demonstrated that
DIC accounted for 80% of the TDC flux from the UK’s 7 largest rivers (Jarvie et al., 2017) and a
one year study (2017) measured DIC as 78% of the TDC flux for the same rivers (Tye et al.,
2022). Table 3.6 provide a ranked comparison of DIC and DOC export from various UK rivers,
including the River Clyde from this study, based on river catchment area on a per annum basis,
showing the dominance of DIC export over DOC in the UK.

Table 3.6 - Comparison of DIC and DOC export from UK Rivers as a function of catchment

area

River Catchment DIC export DOC export Ratio
Size (km2) Mgkm2yr Mgkm2yr! DIC/DOC
1

Halladale 193 1.0 13.06 0.1 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Conwy 340 3.9 12.15 0.3 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Forth 1025 9.4 11.41 0.8 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Tay 5042 5.4 4,91 1.1 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Tamar 956 9.0 7.64 1.2 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Tay 4587 6.8 5 1.4 (Jarvie et al., 2017)

Tyne 2262 9.25 4.93 1.9 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Dart 257 8.9 5.18 1.7 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Kelvin 331 9.25 4.93 1.9 (Guetal., 2021)

River Clyde 2003 13.78 6.74 2.0 This Study

Clyde 2003 13.5 6.04 2.2 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Clwyd 431 12.7 5.17 2.5 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Tweed 4390 8.3 2.9 2.9 (Jarvie et al., 2017)

Yorkshire Ouse 3315 16.2 43 3.8 (Jarvie et al., 2017)

Severn 9895 14 3.3 4.2 (Jarvie et al., 2017)

Trent 8231 17.7 2.4 7.4 (Jarvie et al., 2017)

Humber-Trent 8209 14.6 1.77 8.2 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Ely Ouse 3430 10.6 1.2 8.8 (Jarvie et al., 2017)

Thames 9948 13.4 1.4 9.6 (Jarvie et al., 2017)

Thames 9948 9.3 0.57 16.3 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Avon 1712 18.5 0.86 21.5 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Test 1035 19.3 0.51 37.8 (Garcia-Martin et al., 2021),
(Tye et al., 2022)

Average export 11.1 4.9 2.4

Catchment weighted

Average export 12.32 2.98 4.1

Notes:

1 Load of dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) for the significant British rivers as
function of catchment area as a comparator for the river Clyde.

2 DOC exports are from (Garcia-Martin et al., 2022) and DIC exports estimated from (Tye et al., 2022), but data in
these papers was gathered as part of the same study.
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3.4 Discussion

3.4.1 Urban nutrients and climate warming increase GHG emissions

Our study supports the growing global concern that GHG emissions from water bodies are
increasing because of the interaction between nutrient levels and climate warming. More
specifically our study points to the largest increase in riverine GHGs coming from urban
nutrients and the riverine climate stressors of low summer water levels resulting in increased
water residence time and reduced river oxygenation. Our source-to-sea methodology showed
clearly that seasonal patterns of CHi, CO; and N;O changed between the semi-natural
environment in the upper catchment and urban environment in the lower catchment. In the
semi-natural upper catchment GHGs were higher in winter, while in the lower urban
catchment, GHG were significantly higher in summer. The GHGs from the urban catchment
were dominated by point source inputs and their impact increased during low river flow and
high temperature conditions. In the agricultural middle catchment GHG concentrations
increased slightly above those of the semi-natural upper catchment but did not exhibit a
change in seasonal pattern. This seasonal change in GHG concentrations may be related to
changes in microbial community composition and activities, which have been observed
downstream of UWWTP (Zhou et al., 2022; Beaulieu et al., 2010). The abundance of sediment
microbial community have been found to be correlated with EC, organic matter, TP, DO and
TN (Feng et al., 2022). This suggests microbial adaptation to changing conditions.

Riverine dissolved GHG, nutrient and chemical concentrations all increased from source-to-
sea, in line with the increasing percentage of urban and agricultural land cover. The increase
in GHG concentrations between the semi-natural and urban environment was on average
three times higher for N,O and CO,, but twenty times higher for CHs, suggesting the significant
nature of CH4 as an urban marker. While there were few significant correlations for any GHGs
in the upper catchment, in the lower urban catchment strong correlations occurred between
all GHGs and water physiochemical properties, suggesting that removal of contaminates from
river systems, could lower GHG concentrations. Three main anthropogenic sources were
identified that increased GHGs these included: (1) UWW outflows as a major point source of
both CH, linked to TP and TDN, and NO linked to TDN; (2) MW outflows as a major point
source of CHs and CO; emanating from groundwater interacting with disused coal mines and
(3) agricultural activities as a major diffuse source of N,O linked to TDN. Additionally, three
major hydrological-environmental interactions were found that increased GHG concentrations
in addition to those directly attributed to the nutrient increases. These included: (1) low
oxygen conditions, (2) higher temperatures and (3) changes in river geometry linked to
increased water residence times, and made it challenging to attribute causes absolutely.

3.4.2 High nutrient-residence time interactions promote GHG generation

Once the availability of TDN is accounted for (N,O/TDN) neither Ty (in the range 0-22°C) or
DO% (>90%) have significant effects on N,O concentration. However, where water residence
time increases, Tw and DO% appear significant. In low flow situations, residence time is
further increased, decreasing DO% and providing more time for temperatures to increase in
summer. Both this increased residence time (Zarnetske et al., 2011) and low oxygen level
(Frey et al., 2020; Rosamond et al., 2012) will act to increase N,O, by promoting denitrification
over nitrification and increasing the proportion of N,O per unit TDN.
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In the upper Clyde catchment CH4 concentrations are low and highly variable, with higher CH,4
observed with elevated DOC occurring in high flow events, suggesting DOC availability may be
limiting CHs. However, in the lower urban catchment CH, is strongly positively correlated to
Tw, TP, TDN and DIC and negatively correlated with flow and DO%. This point source CHs4
generation is over 20 times higher than the underlying diffuse source. Generation of CH, in
the lower urban catchment may be linked to eutrophication (nutrient enrichment). Our
SUVA;s4 values show a shift in riverine OC sources toward a more microbial and algal origin, as
has been found as human disturbance increases (Lambert et al., 2017). High CH4 in many
shallow lakes is produced by eutrophication, mostly driven by TP and TDN enrichment and
sediment microbiome (Davidson et al., 2018; Aben et al., 2017; Nijman et al., 2022). This
mechanism is less likely in river ecosystem due to continual flushing, but during low water
levels, increased residence times in combination with the high nutrient concentrations from
UWW appear responsible for eutrophication and significant CHs generation. This may be
enabled by electron donor availability in the receiving waters. This effect was most
exacerbated when water residence times were further increased by the flow restrictions at
the tidal weir.

3.4.3 Main uncertainty in the causes of GHG variation

Greenhouse gas concentrations were inversely correlated with river oxygenation. This
correlation was influenced by several mechanisms, where the dominance changed with
position in the catchment. High turbulence caused oxygenation of the water and out-gassing
of the supersaturated GHGs. Respiration, photosynthesis and decomposition can create
inverse relationships between oxygen and CO, dependent on their balance in the water
column (Aho et al.,, 2021). Low oxygen conditions, result in anaerobic condition which
promote both methanogenesis and denitrification, which increase CHs and N,O production
respectively, from the available resources. While turbulence out-gasses GHGs to atmosphere
it also produces conditions less likely to promote CH4 and N,O production making it difficult to
fully distinguish the mechanisms. The lower urban river has the highest correlations, with
GHGs increasing exponentially with reducing oxygen levels. The oxygen concentration
primarily influences CHa, while CO, and N,O are influenced by the DO% (CH4 R? = 0.45, CO, R%=
0.74, N,O R? = 0.24 (P-value > 0.001)), suggesting CH; generation is less influenced by
temperature.

Summer seasonal changes impact both temperature and rainfall, which together impact GHG
concentrations. Lower rainfall reduces river flow and diffuse nutrients inputs and increases
the impact of point source inputs. Higher temperatures reduce the available oxygen, due to
reduced solubility and can increase microbial activity. As flow and temperature are often
highly correlated this can make distinguishing these mechanisms difficult. Many researchers
suggest temperature is a major effect (Wang et al., 2021, Herrero Ortega et al., 2019 and
Rosentreter et al., 2021). However, this study found that the size of the impact of flow and
temperature on GHG concentrations is dependent on the location in the catchment and
specifically the balance between diffuse and point source inputs. The upper catchment is
dominated by diffuse inputs, which increase in higher flow and correspond to an increase in
GHG concentrations. The lower urban catchment is dominated by point source inputs and
corresponds to an increase in GHG concentrations with low flow. Flow and hence nutrient
concentrations being more significant than direct impact of temperature in accounting for
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GHG variability. After flow, TP is the major influence on CHs and TDN on N;O. The use of the
load appointment model to distinguish between points and diffuse sources of GHGs and
nutrients suggests that nutrients, however they are delivered, are dominating GHG
production. Fully distinguishing between temperature and flow impacts would require longer
data set with more instances of high flow during the summer.

Changes in river geometry that reduce river velocity and increase water residence times also
cause deposition of sediments and nutrients and reduce oxygen saturation. River sections
with increased residence time exhibited higher GHG concentrations, with the largest increases
occurring in low flow conditions. However, proportioning the cause of this increase between;
increased residence time, reduced out-gassing due to lower turbulence, lower oxygen
conditions, or deposition of sediments and nutrients as a source of GHG production is
challenging. These higher residence time river sections act as point source locations for GHG
generation compared to the surrounding river with CH, concentrations showing the most
significant increase suggesting the creation anaerobic sediments may be the most significant
impact.

Our results show an increase in GHGs, particularly CHa, in the receiving river after UWWTPs,
with the riverine CH4 concentrations dominated by point source characteristics, pointing to
the UWWTP inflows as causal. UWWTP generate CH,, in locations such as sewer pipes and
primary sedimentation, although CHs was not noted as discharged in effluent water (Masuda
et al.,, 2018). We made measurements of GHG concentrations in some UWWTPs outflows,
which were low in dissolved GHG including CHs, and this suggested that CHs was generated
within the receiving river due to changes in the river physicochemical properties, including
nutrient availability, rather than transferred from the UWWTP. However, we made
insufficient measurements in UWWTP outflows, due to their inaccessibility, to confirm this
absolutely. Unexplained CHs; concentrations in the stream sections after UWW treatments
works in southwest Germany were attributed to in-water generation due to additional organic
carbon load in the effluent water (Alshboul et al., 2016). After hydrology was accounted for
TP, also dominated by point source characteristics, had the highest correlation with
unexplained CH; concentrations (TP R? = 0.59 at C26), although this correlation changed by
proximity from UWWTP. Other authors indicated correlations between TP and CH,
concentrations, in urban settings usually by impacting microbial activity (Zhang et al., 2021;
Martinez-Cruz et al., 2017; Hao et al., 2021).

3.4.4 Carbon dioxide concentration variability reduced by carbonate buffering.

Concentrations of CO, were less variable than those of N,O and CH4, mostly driven by diffuse
sources, with point source inflows associated with tributaries receiving MW, causing short-
term CO; increases. In-stream mineralization of DOC, the most likely generation mechanism
for the consistent super-saturation of CO,, would require a constant input of carbon to sustain
CO, supersaturation levels (Winterdahl et al., 2016). DOC concentrations varied little through
the catchment emanating from diffuse input, while DIC increased from source-to-sea,
dominated by MW inflows. These MW inflows added significant amounts of DIC from the
dissolution of limestone, producing high alkalinity, and many dissolved contaminates. The
MW inflows are supersaturated with CO,, which outgases very rapidly in treatment cascades
or headwater streams. This rapid out-gassing was observed to shift the pH upwards creating a
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new carbonate equilibrium. This changing equilibration would convert some of the remaining
CO; to bicarbonate rather than emitting it to the atmosphere, thus reducing the gradient of
CO; across the air-water interface (Stets et al., 2017). Aquatic primary productivity produces
oxygen and consumes CO.. However, primary productivity can be maintained with
diminished CO,, in high alkalinity waters by converting bicarbonate to CO, to support
productivity (Aho et al., 2021). Conversely mineralisation of DOC to CO, would change the
carbonate balance increasing bicarbonate concentrations. It is likely that this significant
carbonate buffering available in the Clyde is responsible for the low variability in CO;
concentrations and the reason why nutrients rather than carbon availability appear to
influence CO, concentrations.

3.4.5 Acid mine inflows are a major source of GHG and outgas directly to the atmosphere

In the middle and lower catchment tributaries, high concentrations of both CO, and CH4
occurred linked to outflows from disused coal mine adits. Where carbonate rock is present,
and much coal bearing strata in the UK is associated with Carboniferous limestone (British
Geological Survey, 2022), the sulphuric acid generated in the mine dissolves the calcium
carbonate to produce CO; (Hedin and Hedin, 2016; Vesper et al., 2016; Jarvis, 2006). Details
of CH,4 released in MW have not, to our knowledge, been published. Most GHGs from MW
had out-gassed before reaching the River Clyde. However high CO, and CH, concentrations in
T10 were traced back to several WM inflows. These MW inflows had high concentrations of
DIC, SO4*, Ca?*, Mg?* and K*, which together acted as a marker for legacy coal mining. Many
other MW sources were traced in the catchment with this marker, although not included
within this publication. Despite the focus on measuring DOC in rivers, our data suggest that for
the River Clyde carbon loss is dominated by DIC, with the annual DIC export approximately
double that for DOC. Comparison with other riverine studies demonstrated that DIC is the
major component of the dissolved carbon in UK Rivers, with DIC accounting for 70 to 80% of
carbon loss (Table 3.6). Our results suggest that the anthropogenic impacts of disused coal
mines are accelerating carbon loss.

3.4.6 Legacy industry is still detectable in our rivers

Other increases in ion concentrations and pH were identified in the three most urban
tributaries (T19, T22 and T23). Urban tributaries T19 and T22, had the highest concentrations
of DIC, SO,%, Ca?*, Mg?* and K*, attributed to inflows of MW from legacy coal mining. Both
tributaries had legacy iron or steel making near to the rivers and may have iron slag buried
within the catchment (Historic Environment Scotland, 2022). Steel slag is known to increase
pH, alkalinity, and Ca%* concentration (Riley and Mayes, 2015). The urban tributary T23, had
the highest concentrations of Na* and SO4* probably associated with leachate from legacy
paper production (H. J. Skinner, 1939). T22 also experienced the highest Na* and CI" ion
concentrations in the winter likely from winter road salting, as this tributary has the biggest
road network, including a motorway. Data suggests that road drainage is entering the river
directly adding an estimated 15 Mg yr* of NaCl.
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3.5 Conclusions

3.5.1 Benefits of a source-to-sea approach in interpreting riverine GHG data

We have used the Clyde catchment, with its transitioning land cover from semi-natural
through agricultural and legacy industrial to highly urban as a source-to-sea study to support
identification of GHG sources. This source-to-sea investigative approach was found effective in
tracing how changes in the nature and size of the riverine environment impacted GHG
concentrations, particularly as GHGs were not conserved but out-gassed in turbulent riverine
sections. This variable out-gassing makes correlations on a catchment scale misleading and is
probably one reason for the high variability in GHG-to-nutrient relationships reported in the
literature. A key aspect of GHG source identification included the use of load appointment
modelling to distinguish point and diffuse sources by their degree of dependence on flow.
This was effective in confirming diffuse GHG sources from agriculture and point GHG sources
from UWW and MW. This load appointment modelling approach enabled two main seasonal
impacts, high temperature and low water levels, to be distinguished. Analysis suggested that
the impact of low water levels dominated over temperature change and failure to account for
changing water levels, with their implications for oxygen and residence times, may account for
some of the variability in the impact of temperature on GHGs reported in the literature.

Measurement of a high number of water physiochemical properties allowed source
fingerprinting of different inflows, which enabled detection even when the inflows were not
physically identified, supporting identification of contamination from legacy industry. Results
suggested that outflows from UWW treatment plants caused generation of GHG within the
riverine water column. Changes in the seasonal pattern of GHG generation associated with
urban wastewater inflows could be due to changes in microbial community structure,
eutrophication at low water levels and supported by the availability of electron donors and
acceptors in receiving waters. This was not confirmed as part of this study, and it is suggested
that future surveys should be designed to quantify in-water generation resulting from mixing
of UWW and riverine water.

The most important anthropogenic GHG from inland waters is CH4 (Rosentreter et al., 2021),
but CH, outgases the most rapidly, due to its high concentration to solubility ratio, as such
catchment scale analysis can be misleading. Improved methods to detect and quantify CH,
concentrations are required. A drone-mounted CH4 sensor might be effective in identifying
point sources while continuous in-situ CH, measurements would better define source-flow
relationships, although sensor reliability and sensitivity need improvement. Where the source
of nutrient pollution is unclear, human tracers such as caffeine could be applied to support
understanding of contributions to nutrients (Mizukawa et al., 2019, and Chen et al., 2002).

3.5.2 Implications and ideas for policy makers

To effectively reduce anthropogenic GHGs from the riverine environment it is important to
understand their sources. For the River Clyde, UWW outflows were a major point source of
both anthropogenic CHs and N,O, MW outflows a major point source of anthropogenic CH,
and CO; and agricultural activities (including field and farmyard run-off and poorly maintained
septic tanks (septic tank are not effective in removing nitrogen and phosphorous (O’Keeffe et
al., 2015)) were a source of anthropogenic N,O. All sources of GHGs were associated with
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high concentrations of nutrients.  Reducing nutrient loading, industrial and legacy
contamination and agricultural run-off would ultimately act to reduce GHG within riverine
environments. Pollution point sources are easier to tackle as the inflow locations are known.

While many UWWTP in the Clyde have phosphorous removal, our measurements suggest that
levels of effectiveness vary between plants, suggesting improvement is possible. Additionally
none of the UWWTP in this area have nitrogen removal (European Commission (Directorate
General Environment), 2016). Riverine environments with low oxygenation, increased river
residence times and high levels of nitrogen, should be prioritised for nitrogen removal from
UWWTP to have the largest impact on N,O reduction. Urban influences may have stimulated
adaptation in microbial communities, further increasing GHG production and further studies
of microbial activity may support GHG reduction. Nitrogen capture at UWWTP could
ultimately act as an important source of fertiliser, avoiding outflows to the environment (van
der Hoek et al., 2018). Mine water is more difficult to tackle in terms of GHG generation as
GHGs are generated below ground with the generation mechanism poorly understood.

While agricultural pollution was primarily from diffuse sources additional measurements
showed a significant proportion entered the Clyde via the numerous field drainage ditches and
small streams, which could be treated as point sources. Approaches to reduce run-off may
include: (1) use freshwater wetlands for nitrogen and phosphorus removal (Land et al., 2016)
and wetlands have been shown as effective for diffuse run-off (Ockenden et al., 2012); (2) use
of biochar filtrations, an effective technology for both cleaning of wastewater and run-off
water. Its capabilities include removal of pesticides, organic chemicals and nutrients.
However, a practical approach for application to small streams is needed. After use the
biochar could be redeployed onto farmland supporting carbon sequestration and a circular
economy, recycling nutrients and further preventing run-off (Catizzone et al., 2021, Phillips et
al., 2022, Kamali et al., 2021); (3) Riparian buffer zones are recommended between crops and
rivers. In Scotland, General Binding Rule 20 requires a buffer strip at least 2m wide to be left
between surface waters and wetlands and cultivated land (SEPA, 2009). This rule was not set
with the objective of reducing nutrient leeching. Further research demonstrates that woody
vegetation is more effective than shrubs or grass at preventing nutrient leaching to rivers,
with a 60m buffer strip effectively removing all nutrients (Aguiar et al., 2015). While this
would take considerable agricultural land, approximately 70% of nutrients are removed by a
12m strip, which would also stabilise river banks, reduce erosion and sediment loss, increase
biodiversity and provide shade making the riverine system more robust to climate change
(Cole et al., 2020).
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3.6 Supplementary information

Table 3.A.1 - Sample locations on the River Clyde and flow gauging details

Greenhouse gases from human-impacted rivers and estuaries

Location Latitude Longitude Distance Sampling - above Gauging Stations River Name and location of Comments on location relative to applied
codell) (km)@  water surface (aws) Applied® sample gauging
T1 55°19'56.44"N  3°38'08.02"W 0.0 River bank None Roger Clench
Cc2 55°20'00.96"N  3°38'04.20"W 0.2 River bank None Daer Water - reservoir inflow
Cc3 55°22'06.79"N  3°37'34.25"W 5.5 River bank Scottish water(5) Daer Water - reservoir outflow Compensations flow for Daer Reservoir
T4 55°28'28.53"N  3°38'52.72"W 23.2 River bank None Midlock Water
T5 55°28'29.37"N  3°39'07.95"W 23.5 River bank Scottish water(5) Camps Water Compensations flow for Camps Reservoir
T6 55°30'58.10"N  3°41'18.84"W 31.5 River bank Maidencots Duneaton Water at Maidencots ~ 400m downstream of Maidencots SEPA station
c7 55°31'20.99"N  3°40'42.80"W 324 Bridge 10m aws Abington+Maidencots  Clyde at Abington Summed flow of Clyde and Duneaton Water
c8 55°36'33.59"N  3°33'32.49"W 46.7 River bank Abington+Maidencots  Clyde at the Symington Summed flow of Clyde and Duneaton Water
c9 55°39'16.25"N  3°43'34.40"W 72.4 Bridge 15m aws Sills of Clyde Clyde at Sills of Clyde 1.9km downstream of Sills of Clyde SEPA station
T10 55°34'49.81"N  3°49'00.88"W 76.0 Bridge 15m aws Happendon Douglas Water at Happendon 5m downstream of Happendon SEPA station
c11 55°38'39.72"N  3°45'41.24"W 77.1 River bank Tulliford Mill Clyde at Tulliford Mill 200m downstream of Tulliford Mill SEPA station
c12 55°40'31.87"N  3°48'01.43"W 82.4 Bridge 15m aws Tulliford Mill Clyde at Kirkfieldbank Assumed as for the Clyde at Tulliford Mill
T13 55°40'40.62"N  3°48'00.19"W 82.7 Bridge 5m aws None Mouse Water
c14 55°41'51.18"N  3°52'01.15"W 88.1 River bank Hazelbank Clyde at Hazelbank 1.4km upstream of Hazelbank SEPA station
T15 55°39'59.08"N  3°53'55.87"W 89.0 River bank Kirkmuirhill Nethan at Kirkmuirhill 950m downstream of Kirkmuirhill SEPA station
Cc16 55°44'15.42"N  3°55'22.74"W 96.1 Bridge 15m aws Hazelbank+Kirkmuirhill Clyde at Garrion bridge Summed flow of Clyde and Nethan Water
T17 55°44'02.77"N  3°59'17.37"W 107.6  River bank Fairholm Avon Water at Fairholm 1.5km upstream of Fairholm SEPA station
Cc18 55°47'00.03"N  4°00'52.94"W 108.0  River bank Blairston Clyde at Hamilton Assumed as for the Clyde at Blairston
T19 55°48'28.82"N  4°00'40.44"W 108.2  Bridge 8m aws Calderpark® South Calder Water Assumed relationship with NCW flow
L20 55°47'08.93"N  4°01'13.92"W 108.2  River bank As for SCW® Strathclyde Loch Assumed as inflow from SCW
c21 55°47'43.72"N  4°03'28.24"W 111.7  River bank 5m aws Blairston Clyde at Blairston 700m upstream of Blairston SEPA station
T22 55°49'05.51"N  4°06'34.46"W 119.0 Bridge 8m aws Redless Rotten Calder at Redless 105m upstream of Redless SEPA station
T23 55°50'12.02"N  4°06'26.31"W 119.8  Bridge 12m aws Calderpark North Calder at Calderpark 240m downstream of Calderpark SEPA station
Cc24 55°49'47.78"N  4°07'19.11"W 120.6  River bank Daldowie Clyde at Daldowie Measured at Daldowie SEPA station
C25 55°49'24.01"N  4°10'16.21"W 124.1  Bridge 15m aws Daldowie Clyde at Cambuslang Assumed as for the Clyde at Daldowie
C26 55°51'00.14"N  4°14'25.07"W 134.0  River bank 3m aws Daldowie Clyde at Glasgow Green Assumed as for the Clyde at Daldowie
Notes
1. Inthelocation code ‘C’ indicates the River Clyde ‘T’ indicates a tributary and ‘L’ indicates the tributary is direct inflow from a Loch
2. Distance is the distance from the first measurements point nearest the source. Tributary distances are given as the distance at which they enter the River Clyde and are in italics.
3. As sites were measured on the River Clyde in addition to those at the gauging stations, in some cases gauging station data has also be applied to a site further downstream. Where a gauged tributary
enters the River Clyde in this section of river the gauging data from this tributary has been added to that of the River Clyde station. This is indicated in the gauging column.
4.  Gauging on South Calder Water at Forgewood was discontinued in 2010 but historical data (UKCEH, 2010) allowed a relationship to be derived with the flow of North Calder Water at Calderpark, the
nearest catchment.
5.  Rotten Calder and North Calder Water enter the Clyde at almost the same point and their influence has not been separated.
6.  South Calder Water enters the River Clyde through Strathclyde Loch, a man-made lake excavated from a coal mining depression and is the only lake environment sampled in this study.
7.  Locations L1 and L2 could not be accessed in January and February 2021 due to heavy snow fall and L13 (Mouse water) was only introduced to the sampling campaign in August 2020.
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Table 3.A.2 - Average GHG and physiochemical concentrations for each survey location

Location CH4-C CO2-C N20-N DOC-C IC-C TN-N TP SUVA(2s4) DO pH Tw
name (! (nglh) (mgl?) (ug ) (mgl?) (mgl?) (mgl?) (mgl?) (I mg-Cm1) (%) (°c)
Mean SD Mean SD Mean  SD Mean SD Mean SD Mean SD Mean SD  Mean SD Mean SD Mean  SD Mean SD
T1 0.06 0.11 0.38 0.07 0.42 0.06 1.67 1.4 6.01 2.7 0.26 0.08 0.007 o0.01 5.09 1.77 98.2 1.3 732 0.27 7.3 3.4
c2 0.52 0.19 0.50 0.07 0.43 0.06 3.53 26 4.09 2.0 0.20 0.08 0.007 0.01 4.00 0.66 98.7 1.8 719 022 7.4 4.2
C3 2.07 1.14 0.49 0.12 0.43 0.06 6.05 2.0 2.64 1.0 0.30 0.10 0.011 o0.00 426 042 100.0 3.3 7.24 0.19 7.8 3.8
T4 0.50 0.28 0.84 0.18 0.54 0.09 3.87 22 6.37 1.1 0.31 0.13 0.014 o0.01 3.89 0.74 95.6 2.4 7.25 0.23 7.1 3.3
T5 0.13 0.08 0.71 0.16 0.47 0.07 3.53 39 8.73 2.4 0.28 0.12 0.010 o0.01 3.86 1.02 95.1 1.6 7.23 028 7.4 3.8
T6 0.85 0.81 0.80 0.21 0.51 o0.10 855 6.3 9.33 6.1 0.47 021 0.021 0.01 3.87 0.63 93.1 3.3 7.12 033 7.1 4.5
c7 0.46 0.33 0.73 0.14 0.52 0.09 563 4.7 6.70 2.6 041 014 0.014 0.01 3.69 0.69 93.3 2.5 7.12 040 7.6 4.6
c8 2.32 1.05 0.99 0.21 0.58 0.09 542 4.7 7.34 2.7 0.51 016 0.018 0.01 3.65 0.73 88.2 6.9 7.05 042 8.3 4.9
Cc9 1.48 0.56 0.71 0.33 0.60 0.20 6.86 6.0 9.73 4.1 0.87 029 0.028 0.02 3.71 0.58 99.8 9.0 730 025 9.1 5.6
T10 3.78 1.58 1.74 0.39 0.54 0.10 7.83 58 2099 11.1 0.52 018 0.019 o0.01 440 225 91.5 2.3 7.18 0.36 8.4 5.1
Cc11 2.45 0.76 0.93 0.42 0.58 0.18 6.97 58 1217 5.1 081 026 0.030 0.03 404 1.62 98.6 9.1 733 025 9.3 5.7
c12 0.13 0.10 0.43 0.15 0.47 0.11 6.73 53 1199 55 0.88 028 0.029 0.02 3.76 0.62 102.4 4.4 7.46 023 9.4 5.6
T13 0.08 0.04 0.38 0.09 0.45 0.08 1549 9.2 16.88 8.7 1.77 0.37 0.064 0.04 3.59 0.66 99.9 3.1 7.54 026 8.7 4.9
Cc14 0.35 0.35 0.42 0.20 0.47 0.09 7.19 55 1246 5.7 096 027 0.033 002 392 1.31 103.7 5.9 7.54 022 9.4 55
T15 0.19 0.19 0.41 0.14 045 009 1035 58 1237 6.4 1.41 0.52 0.088 0.07 3.73 0.68 102.0 4.7 7.61 0.20 8.6 4.6
c16 0.45 0.31 0.60 0.20 0.50 0.09 751 56 13.66 6.0 1.09 0.22 0.040 0.02 3.73 0.74 93.7 5.6 7.44 034 9.3 55
T17 0.36 0.30 0.39 0.13 0.44 0.08 12.02 6.0 13.63 7.2 1.22 039 0.091 0.07 392 0.60 101.92 4.0 7.65 022 9.2 54
c18 2.53 1.10 0.86 0.17 0.55 0.09 771 54 1485 6.7 1.30 0.25 0.060 0.03 3.63 0.64 90.38 6.6 7.63 0.18 9.2 5.6
T19 1.23 0.33 0.72 0.11 0.55 0.11 10.22 56 4210 143 2.15 0.47 0.097 0.04 299 081 97.22 1.6 7.96 025 8.7 4.2
L20 9.11 8.22 0.90 0.47 0.53 0.10 11.28 4.8 3438 9.8 1.63 0.38 0.080 0.03 3.10 0.65 87.93 185 7.72  0.29 10.1 5.8
c21 9.25 10.71 0.82 0.15 0.70 0.31 843 52 1582 7.0 1.50 0.30 0.107 o0.06 359 0.71 92.17 54 7.61 0.20 9.5 5.7
T22 5.02 2.92 0.73 0.23 0.50 0.52 8.84 9.0 3462 114 198 046 0.090 0.17 2.82 0.89 90.78 20.8 796 0.16 9.0 4.7
T23 1.93 2.99 0.62 0.12 0.67 0.08 11.87 3.0 23.88 11.7 1.78 0.51 0.127 0.02 3.06 0.61 85.68 6.1 795 0.17 8.5 4.8
C24 4.45 2.17 0.84 0.24 0.65 0.23 849 48 16.73 6.9 1.63 0.38 0.099 0.06 3.42 0.70 90.38 9.0 7.73 0.13 9.5 5.7
C25 3.62 1.96 0.89 0.24 0.68 0.22 859 45 16.96 6.6 213 082 0.121 0.08 3.38 0.76 91.92 7.6 7.79 0.13 9.7 5.7
C26 8.86 9.57 1.27 0.51 091 0.32 8.67 14 17.75 6.4 260 1.05 0.141 0.08 3.39 0.79 84.78 12.6 7.71 0.11 9.4 3.4
Note
1. The source-to-sea survey locations are denoted with numbers from 1 (source) to 26 (sea) with the River Clyde indicated by a "C" and the tributaries by a ‘'T" or a 'L’, where direct inflow is from a loch
2. The highest level of TN-N and TP are in the urban tributaries T19, T22 and T23 and the lower urban River Clyde C25 and C26 and the highest GHG at C26 and C21.
3. The highest variation associated with GHGs is linked to C21 and C26 and particularly evident for CHs. The highest variation associated with DIC, is linked to the urban tributaries T19, T22 and T23.
4. The Greenhouse gas concentrations, CO2-C, CHa-C and N2O-N, present the concentrations of carbon and nitrogen within the three greenhouse gases only.
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Table 3.A.3 - Average dissolved ion concentrations for each survey location

Greenhouse gases from human-impacted rivers and estuaries

Location EC Chloride Nitrate Sulphate Sodium Ammonium Potassium Calcium Magnesium
name () (uS/cm) (mgl?) (mgl?) (mgl?) (mgl?) (mgl?) (mgl?) (mgl?) (mgl?)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
T1 75.5 23.3 4.8 1.0 0.89 0.25 2.1 0.3 3.9 0.4 0.02 0.04 1.06 1.0 9.7 3.9 1.2 0.3
c2 57.7 16.9 4.3 0.6 0.58 0.20 1.9 0.4 3.6 0.5 0.00 0.00 0.85 0.6 6.9 2.7 1.3 0.4
C3 47.4 6.8 4.7 0.9 0.56 0.09 2.0 0.9 3.4 0.4 0.00 0.00 0.91 0.9 5.1 0.9 1.2 0.2
T4 83.8 8.4 6.4 2.4 0.97 0.32 3.0 0.4 4.8 0.4 0.02 0.03 1.72 2.9 8.3 1.0 2.9 0.4
T5 101.2 22.9 6.0 3.9 0.91 0.30 3.0 0.7 4.5 0.6 0.00 0.00 2.10 4.7 10.8 2.3 3.5 0.8
T6 141.4 67.0 14.0 8.9 0.99 0.58 3.3 1.1 9.7 6.2 0.01 0.02 2.15 1.4 12.3 5.9 3.5 1.7
c7 115.9 34.7 13.8 5.8 1.12 0.44 3.4 0.8 8.6 4.2 0.00 0.00 3.12 2.8 10.1 3.1 2.7 0.8
Cc8 118.9 31.0 12.7 4.5 1.60 0.66 3.6 0.9 8.4 2.6 0.01 0.01 1.65 1.0 10.6 2.9 2.9 0.8
(6°] 156.3 49.1 15.8 5.9 2.95 1.33 4.9 1.5 10.4 3.9 0.02 0.02 1.91 1.3 14.6 4.3 3.5 1.0
T10 313.1 135.1 17.9 13.4 1.34 0.60 38.4 17.2 13.6 11.2 0.05 0.05 2.61 1.0 30.4 11.6 10.4 4.8
c11 198.9 68.9 16.4 7.2 2.64 1.08 14.8 55 11.5 5.7 0.02 0.02 1.63 0.3 20.1 7.2 53 1.9
C12 195.3 70.5 16.9 7.2 2.93 1.19 13.1 6.4 11.3 5.4 0.02 0.02 1.90 0.9 19.4 7.8 5.0 2.0
T13 340.9 140.3 33.3 24.0 5.43 2.63 41.3 22.8 19.9 13.3 0.12 0.12 3.75 0.7 32.8 13.2 9.1 4.7
ci14 207.5 78.0 17.5 7.8 3.14 1.06 14.9 7.6 12.2 5.9 0.03 0.04 1.71 0.4 20.8 7.7 5.3 2.1
T15 218.1 97.6 25.4 18.0 4.47 2.05 8.6 4.2 18.3 17.3 0.07 0.11 2.17 0.6 20.1 7.9 4.4 1.9
Cc16 226.8 81.2 19.2 8.8 3.52 0.89 16.7 7.7 13.2 7.1 0.07 0.06 1.97 0.5 22.3 8.2 6.0 2.5
T17 229.1 101.9 25.6 11.8 3.63 1.67 8.9 5.1 18.3 9.8 0.04 0.05 2.30 0.8 19.4 8.2 6.4 3.4
c18 248.2 95.9 22.6 11.5 4.40 1.12 18.7 9.3 15.8 8.0 0.08 0.07 2.25 0.7 22.5 8.1 6.7 3.1
T19 580.9 166.0 37.4 20.6 7.66 2.52 61.4 22.0 26.1 8.7 0.14 0.09 7.85 1.9 51.6 15.2 22.0 8.5
L20 490.2 117.8 32.7 11.9 4.79 1.56 50.2 15.0 24.7 7.7 0.16 0.11 7.12 1.1 44.2 8.0 18.2 6.4
Cc21 271.3 104.0 25.1 12.9 4.77 0.92 19.8 9.8 18.2 9.7 0.15 0.13 2.76 0.8 24.3 8.4 7.4 3.4
T22 602.7 374.5 64.6 40.9 6.58 2.04 50.3 106.1 42.4 158.8 0.18 0.04 6.86 1.2 45.8 11.0 15.9 3.6
T23 578.5 227.2 48.7 51.2 5.24 1.82 83.6 16.0 93.1 16.3 0.03 0.14 3.77 2.0 354 11.2 8.6 6.2
C24 293.8 112.4 28.3 15.4 5.44 1.62 21.8 10.0 20.5 11.6 0.14 0.12 3.10 1.1 26.5 8.8 7.8 34
C25 3135 123.0 30.7 17.4 7.17 3.47 23.6 11.4 22.7 13.7 0.20 0.13 3.31 1.3 26.2 8.8 7.6 3.3
C26 321.9 140.6 41.7 42.0 8.40 4.22 26.2 10.8 26.3 16.4 0.31 0.17 3.53 1.4 26.2 8.8 7.7 3.2
Note
1.  The source-to-sea survey locations are denoted with numbers from 1 (source) to 26 (sea) with the River Clyde indicated by a "C" and the tributaries by a "T" or a 'L’, where direct inflow is from a loch.
2. The highest ion concentrations are in the urban tributaries T19, T22 and T23.
3. The highest variation associated with ion concentrations in linked to the urban tributary T22.
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Table 3.A.4 - Correlation between nutrients and GHG and percentage land-cover across all tributaries and Clyde headwater sampling points

CHs CO; N;O EC DO% pH DOC DIC TDN TP suvA,s, CI NOs SO, Na* NHs K* Ca* Mg*

Acid grassland -0.38 0.06 -040 -0.84 024 -0.84 -0.88 -0.77 -0.94 -093 0.79 -0.87 -091 -0.72 -0.63 -0.77 -0.75 -0.83 -0.74
Arable / horticulture 051 -0.05 0.07 o065 -006 073 048 077 074 067 -063 063 075 041 020 082 080 0.72 0.79
Bog 004 -041 002 036 023 063 064 027 061 077 -041 049 058 025 041 033 023 032 0.23
Coniferous woodland 005 0.28 008 016 015 005 061 020 0.27 030 -0.11 0.14 024 008 -004 0.22 012 025 0.24
Freshwater 0.12 -0.05 -0.10 -0.20 0.13 -0.03 -0.22 -0.09 -0.10 -0.16 -0.04 -0.02 -0.08 -0.13 -0.13 o0.010 -0.04 -0.13 -0.07
Heather -0.15 -0.20 -0.01 0.19 -001 o008 055 o008 033 014 -027 030 029 022 014 028 0.15 0.21 o0.09
Heather grassland -0.03 0.13 0.15 -005 -0.21 -0.22 0.10 -0.06 -0.10 -0.07 -0.06 -0.01 -0.13 -0.12 -0.01 -0.13 -0.04 -0.09 -0.09
Improved grassland 0.21 -0.20 038 076 -0.18 082 091 064 091 094 -070 080 08 070 069 063 0.60 0.73 0.59
Inland rock 071 056 055 073 -055 048 036 085 054 044 051 046 054 071 033 062 079 0.80 0.88
Urban + Suburban 059 006 049 088 -056 08 036 08 078 070 -081 090 079 0.76 067 0.77 085 0.82 0.78

Notes

1. Values in bold are significant at P < 0.05.

2. There is a strong correlation between broadleaf woodland and urban and suburban land-cover within the Clyde catchment (R? =0.91, P-value <0.001), possibly because broadleaf woodland has been

planted within the suburban and urban environment. Hence broadleaf woodland has not been included.
3. To ensure all data points are independent only tributaries and the upper River Clyde are included. As a result, the lower Clyde points (including the large UWWTP linked to high CHa concentrations) are
not included to avoid confounding of catchments.
Table 3.A.5 - GHG correlation with water physiochemical properties dissolved ion concentrations.
EC Tw pH DO DO% DOC DIC TDN TP SUVAzs  CI NOs  SO4* Na* NH4* K* Ca®*  Mg*

CH4-C 0.41 0.34 0.13 -0.47 -0.42 0.03 0.41 0.43 0.45 -0.18 0.26 0.39 0.33 0.19 0.44 0.38 0.38 0.45
CO,-C 0.23 -0.04 -0.10 -0.28 -0.64 -0.02 0.19 0.23 0.19 0.02 0.17 0.22 0.21 0.11 0.32 0.19 0.20 0.23
N,O-N 0.49 -0.14 0.12 -0.11 -0.38 0.01 0.16 0.47 0.51 -0.10 0.58 0.45 0.29 0.18 0.46 0.30 0.22 0.31
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Spatial plots for all physio-chemical properties
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. 11.31- 1161
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-9.24

9.24 - 9.66

9.66 - 10.09

Conductivity (uS/cm)

Figure 3.A.3 - Spatial plots for Temperature, Dissolved Oxygen, Conductivity and pH
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Figure 3.A.4 - Spatial plots for Total Dissolved Nitrogen, Total Phosphorous, Dissolved Organic and

Carbon and Dissolved Inorganic Carbon
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Figure 3.A.5 - Spatial plots for Potassium, Sulphate, and Calcium and Magnesium ions
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Figure 3.A.6 - Spatial plots for Sodium, Chloride, Nitrate and Ammonium ions
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Unattributed relates to the concentrations which cannot be attributed the river

(a) CI, (b) Na*(c) NOs', (d) NH4", (e) SO4*, (f) K*,(g) Ca®*, (h) Mg
Glasgow Green (132km) . Average measured concentrations represent the average of the 21 surveys for

each location. The point and diffuse source modelling has been applied to the 2 year of flow data at

Figure 3.A.7 - River Clyde Average concentrations for ion point source and diffuse sources
15-minute interval.

Clyde or its measured tributaries.
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4 Sources and controls of greenhouse gases and heavy metals in mine
water: A continuing climate legacy
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Graphical Abstract

Abandoned mines |

Mine water emerges at
surface, high in CO5, CHy,
iron & heavy metals

Water fills abandoned mine workings,
dissolving pyrites & creating H»SO4 _

“u‘_

CO2 & CH4 released
Coal from coal seam
Midland Valley, Scotland

: COy from dissolution of Mine water CHy
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Figure 4.0 - Graphical Abstract - Sources and controls of greenhouse gases and heavy metals in mine
water
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Highlights

Water from abandoned coal mines contains high levels of carbon dioxide and methane.
Mine water as a source of GHGs, needs recognition in greenhouse gas budgets.

Methane sources were modern biogenic, thermogenic and coal-based hydrogenotrophic.

Carbon dioxide sources were limestone, terrestrial organic carbon and coal.

v ok wN e

Mine water treatment removed Fe and As and partially removed Ni, Co and Mn only.

Abstract

Water pollution arising from abandoned coal mines, is second only to sewage as a source of
freshwater pollution in Scotland and in coalfield catchments, mine water can be the dominant
pollutant, with oxidised iron smothering the bed of receiving rivers. This study measured
greenhouse gases in mine water outflows from sixteen sites across the Midland Valley in
Scotland. Radiogenic and stable carbon isotopes measurements (A **C and §3C) were used to
determine the sources of both methane (CH,4) and carbon dioxide (CO,) produced within the
flooded mine environment. Concentrations of CHs-C ranged from 20 to 215 pg It and CO»-C
from 30 to 120 mg I, with CO, accounting for 97% of the mine water global warming
potential. Methane origins included 51% modern biogenic, 41% thermogenic and 8% from
hydrogenotrophic methanogenesis of coal. The most significant inverse impact on biogenic
CH4 concentrations was sulphate, most likely due to sulphate reducing bacteria outcompeting
methanogens. Carbon dioxide origins included 64% from the dissolution of limestone, 21%
from terrestrial organic carbon and 15% from coal. The limestone derived CO; was positively
correlated with high sulphate concentrations, which resulted in sulphuric acid and caused the
dissolution of carbonate from limestone. The mine waters experienced significant carbonate
buffering becoming only slightly acidic (pH 6 - 7), but with significant loss of inorganic carbon.
The mine waters had low dissolved oxygen (6 - 25%) and high dissolved iron (2 to 65 mg )
and manganese (0.5 to 5 mg I'!) concentrations. GHGs from abandoned mines was estimated
as 0.36 % of Scotland’s Global Warming Potential. This novel work has contributed
information about the sources and controls of greenhouse gas fluxes in mine waters and
identified the need to quantify and report this emissions term.
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4.1 Introduction

4.1.1 Acid mine drainage

In recent decades, heavy metal pollution has become a global environmental issue with
implications for both environmental and human health, with mine water (MW) outflows from
coal and metal mines constituting one of the major sources of heavy metal pollution to the
aquatic environment (Fleming et al., 2021, 2022; Schwarzenbach et al., 2010; Voogt, 2020;
Wright et al., 2017; Younger, 2001). When in operation, water is pumped from the mine and
the mine is ventilated. The introduction of oxygen oxidises pyrites (iron sulphide (FeS;)) which
accumulate on the mine walls. After mine closure, pumps are switched off, and water rises
until it reaches the lowest discharge point (the surface via old adits, springs and seepage or an
overlying aquifer). This dissolves the accumulated salts, making the initial discharge from
abandoned mines of very poor quality. Additionally when exposed coal seams are flooded,
microorganisms can greatly accelerate the oxidation of mineral sulphides forming sulphuric
acid, which subsequently dissolves metal compounds present, resulting in high concentrations
of Fe, Zn, Cu, Pb, Cd, Mn and Al (Dhir, 2018; Alhamed and Wohnlich, 2014; Stearns et al.,
2005), with most pollution from deep mines rather than opencast (Younger, 2001).

Mine water from abandoned mines, including coal mines, has been documented as globally,
polluting water bodies including groundwater (Acharya and Kharel, 2020; Tomiyama and
Igarashi, 2022). These impacts are likely to increase in future and be with us for many
hundreds of years (Younger, 1997). China is the biggest producer of coal globally with its
national production rising by over 10% in 2020 to reach 4560 million tonnes, equivalent to
52% of global production. Other countries that contribute more than 5% of global coal mining
production include the US, India, Australia, Russia and Indonesia (Energy Institute, 2023).
While comprehensive figures for abandoned mines do not exist, South Africa has identified
6,152, the United States > 500,000, Australia 50,000 and the United Kingdom 2000 (Thisani et
al., 2020). The number of abandoned coal mines in China is expected to reach 12,000 by 2020
(Lyu et al., 2022) with China the most seriously impacted country by mine water (Li, 2018).

In addition to being a source of heavy metals, MWs are supersaturated with greenhouse gases
(GHG), including carbon dioxide (CO,) and methane (CH4). Where carbonate rock is present,
the sulphuric acid generated in the mine dissolves the carbonate to produce CO,. Elevated
concentrations of CO, are common in discharges from abandoned coal mines (Hedin and
Hedin, 2016; Vesper et al., 2016; Jarvis, 2006), though its contribution to global GHG budgets
remains uncertain. As the carbonate dissolves, the acid is neutralised, the pH typically rises to
around pH 6, reducing the environmental impact, and MW becomes supersaturated with CO,
(of a fossil origin) with high inorganic carbon loading in the form of bicarbonate. Where
limestone is not present in the mine, it is often added to the treatment process to aid
neutralisation (Dhir, 2018; Watten et al., 2005) also producing CO,. Additionally CO; may be
produced by in-water mineralisation of modern dissolved organic carbon (DOC) in
groundwater (Winterdahl et al., 2016), and CO, may be associated directly with ancient coal
seams which could transfer into the MW (Iram et al., 2017).

Details of CH,4 released in MW are currently poorly constrained. The production mechanisms
are not necessarily simple but there are likely two main mechanisms encompassing three
sources: thermogenic CH, from the coal seams (degradation of coal due to high temperature
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and pressure) and biogenic CHs from both ancient and modern carbon sources, which may
progress via acetoclastic (using acetate) or hydrogenotrophic (using CO, and hydrogen (H,))
methanogenesis (Moguel et al., 2021; Mayumi et al., 2016; Meslé et al., 2013). Thermogenic
CH, is associated with all coal seams, with deeper and older coal seams typically containing
more CH, than shallower younger seams (IEA, 2020). Once underground mines flood, the
hydrostatic pressure on the coal seams stabilises and CHs emissions are estimated to continue
until the mines are completely flooded (Fernando, 2011). However CH, emissions can
continue where workings remain above the recovered water levels and pockets of CH4 can be
trapped by rising waters (Kershaw, 2005). Projections of global coal mine CH, emissions to
2100, estimate a 4-fold increase from active underground mines and an 8-fold increase from
abandoned mines (Kholod et al., 2020), though this does not account for CH,4 dissolved in the
MW which subsequently evades to the surface. The rate of CHs emissions from abandoned
coal mines was linked to the size of the remaining CH,4 reserve, with CHs content increasing
with depth (Kershaw, 2005). Hence emissions of CH, from MW could be associated with the
dissolution of thermogenic CH,4, despite its low solubility, with the concentration dependent
on the depth and age of the coal and the size of the remaining CH, reservoir. Biogenic CH,
production may occur because of the presence of methanogenic bacteria in the MW, with
anaerobic biodegradation of either coal substrate or modern organic material accumulating in
the mines or from groundwater (Gonzalez Moguel et al., 2021). Microbial degradation of coal
to produce CH, (coal methanogenesis) is another potential source but the irregular structure
of coal and the complex microbial consortia, requiring specific conditions, make it unlikely to
occur at all locations. This mechanism has been more commonly found in more volatile grade
coals (lignite and bituminous) compared to anthracite found in Scotland (Iram et al., 2017),
and would necessarily occur before dissolution of Fe?*, a strong electron donor, inhibited
methanogenesis (Furukawa et al., 2004). All three mechanisms for CH; production are
plausible and could occur synchronously.

The different CO, and CH. pathways leading to subsurface GHG generation will result in
different isotopic signatures. For example, CO; and CH4 from ancient sources will no longer
contain *C and the mechanism of production will impact the amount of *3C depletion (Lopez
et al., 2017). In this context, carbon radiogenic and stable isotope concentrations (A*C and
813C) are powerful tools for understanding CO, and CH4 sources, which could inform measures
to reduce emissions to atmosphere either within the mine or treatment process with clear
implications for climate.

4.1.2 Mine water treatment approaches

The generation of low pH MW enhances the dissolution of heavy metals (Saria et al., 2006;
Florence et al., 2016), with concentrations likely impacted by geology, flow conditions and
MW temperatures. However water from abandoned mines often contains a predominance of
calcium bicarbonate (Ca(HCOs), and calcium sulphate (CaSO4). The dissolution of these
minerals increases pH, consumes hydrogen ions and releases calcium (Ca?*), magnesium
(Mg*) and bicarbonate (HCOs). The main environmental hazard of MWs in this situation is
therefore not low pH but the high concentration of dissolved Fe(ll) associated with low oxygen
conditions. When the MW reaches the surface the soluble Fe(ll) reacts with oxygen to
produce insoluble Fe(lll) and this process significantly depletes dissolved oxygen from rivers
and streams, producing an orange iron precipitate (Johnston et al., 2008). Most treatment
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systems are designed to achieve the oxidation and subsequent precipitation as Fe(lll) prior to
discharge to the environment.

Wetlands are often used to treat MW as they can absorb and bind heavy metals depending on
soil, substrate, hydrology and vegetation. This involves: settling, sedimentation, adsorption,
oxidation and hydrolysis of metals and precipitation of metal carbonates and sulphates or
anaerobic conversion to metal sulphides and biological removal of heavy metal in the
wetlands by plant uptake (Sheoran and Sheoran, 2006). There are variations on the standard
treatment approach, dependent on space available, site geography and topography and the
requirement to minimise energy usage (The Coal Authority, 2017). The process is primarily
designed for the removal of Fe and not specifically for removal of heavy metals or GHGs.
Different stages may both promote or reduce GHG release to the atmosphere. There are
typically three stages in the treatment process with the different treatment options shown
schematically in Fig. 4.1.

1. Oxygenation of the water either via a gravity cascade or chemical oxidation, e.g., adding
peroxide, primarily to change dissolved soluble Fe?* (ferrous) to insoluble Fe3* (ferric).

2. Passing the water to a deep lagoon where the insoluble Fe3* has time to settle out.

3. Passing the water through a series of reed beds to filter out fine Fe3* particles.

While research on methods to minimise the impact of acid mine drainage have been ongoing
for over 50 years (Verburg et al., 2009), MWs from many abandoned mines globally are not
treated. This can be dependent on land-use history, climate, topography, hydrogeology,
available technology, socio-political outlooks, environmental scientists and regulatory
agencies (Acharya and Kharel, 2020). Global data pertaining to treatment are not available,
but some data is available at national scale. For example significant MW pollution in reported
for the USA, a legacy of how the mining industry has operated, with average flows of 190,000
m3d? of contaminated MW, with around 76,000 m3d? untreated, entering the environment
from 43 mining sites under federal oversight (Brown, 2019).

GHG emissions from MW could be influenced by the treatment approach. For example, the
use of chemical oxidation may provide an opportunity for oxygenation of CH,; by
methanotrophs and the absorption of the CO, by reeds, whereas direct out-gassing occurs in a
gravity cascade. Sediments within the deep anoxic lagoons could support methanogens,
whereas methanotrophs could be supported in the water column, with various forms known
to be associated with natural gas (Topp and Pattey, 1997). Burial of inorganic and organic
carbon may occur within the mud, but how the mud is disposed of will determine potential
carbon capture. MW treatment shallow-water reed beds are a wetland environment and may
absorb CO; and release CH,4 (Laanbroek, 2010) as wetlands are the highest natural source of
CH,4 (Gauci et al., 2010; Peng et al., 2022). Conversely reed-bed may act as a conduit for soil-
produced CHs passing to the atmosphere or support methanotrophs reducing CH4 evasion
(Macdonald et al., 1998). This complex interplay of processes requires further investigation to
determine the potential significance of GHGs in MW.

Given the global challenge presented by pollution from MW, but inadequate understanding
and quantification of MW GHG dynamics, further insight into their sources and mechanisms
could support remediation approaches with multiple benefits including GHG management.
This study addressed the following key questions: (1) can the origins of the MW CH, and CO;
be determined from stable and radiogenic isotopes measurement, (2) what controls variation
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in MW CH4 and CO; composition and concentration and (3) do different treatment processes,
specifically the use of peroxide or cascade, and varied use of pools and reed beds, minimise
GHGs release to the atmosphere improve heavy metals removal.

Type 1 - Oxidation using a cascade and reed pools

Cascade

Outflow

Inflow from adit

Type 2 - Oxidation using peroxide and reed pools

1\

—
Outflow

Inflow from adi

Type 3 - Stream and reed pools

Inflow ffom adit

Type 4 - Caustic dosing with no reeds grown

Outflow”

@ Physical properties
))) Reeds ® Heavy metal analysis

o

8]}

[ Acid mine water
[ Precipitated iron mud

Isotope analysis
Gas Chromatography

Figure 4.1 - Schematic of main mine water treatment processes for measurement sites.

The pink, blue, yellow and red indicate where different types of measurements were made. Details of
which locations used which treatment approach are included in Table 4.1. In type 4 caustic (sodium
hydroxide) dosing is used both to oxidise and neutralise the mine waters.

To investigate these questions the Midland Valley in Scotland, a historical coal mining region,
was selected for this study. Water pollution arising from abandoned coal mines is second only
to sewage as a source of freshwater pollution in Scotland and in many coalfield catchments it
is the dominant pollutant source (Younger, 2001). Nine percent of rivers in England and
Wales, and two percent in Scotland fail to meet their Water Framework Directive targets of
good chemical and ecological status due to abandoned mines and carry high levels of Cd, Fe,
Cu and Zn (Johnston et al.,, 2008). The Coal Authority manages over 75 MW treatment
schemes across Britain, treating over 122 billion litres of MW every year (The Coal Authority,
2017), although not all MW is treated at present.
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4.2 Materials and methods

4.2.1 Geology and study area

Coal bearing rocks in Scotland date from the Carboniferous and trend from southwest
(covering the Ayrshire coast to Glasgow) to the northeast (covering the Edinburgh area and
the Fife coast) and identified as the Midland Valley of Scotland. These rocks are bounded by
the Highland Boundary Fault to the northwest and the Southern Upland Fault to the southeast
(Leslie et al., 2016). Most stages of the Carboniferous are present, with the coal-bearing
Namurian strata from the Clackmannan Group. Limestone is both above, below and within
the coal measures (Leslie et al., 2016; Dean et al., 2011). Sixteen identified MW outflows
were selected from across the Midland Valley, some of which had treatment systems and
others which discharged directly into rivers or streams (Fig. 4.2), with full details of the survey
locations included in Table 4.1 and additional site information photographs are included in
Appendix 2. All of these sites are considered to be in the Limestone Coal Group or the Lower
Limestone Coal Group with the exception of MA2 which is considered to be in Productive Coal
Measures and MA4 which covers all coal measures from outcrop in the west to the deepest
undersea workings in the east (Whitworth et al., 2012). The mines within this survey were
closed between 1800 and 1989 (the last being MA6 closing in 1989 and MA4 which closed in
1988 but continued to be pumped until 1995). Many mines closed in the period 1955 to 1974.
All the mine locations have been recovering over the last 30-220 years, and assumed to be
fully flooded, although at some locations pumping is deployed to prevent the MW from
contaminating groundwater.

Between July and September 2022, sixteen MW outflow sites (MA1- MA16) were sampled for
dissolved GHG concentrations, water physiochemical properties, carbon stable and radiogenic
isotopes of the CO; and CH; and metal concentrations. At most locations measurements
could not be made directly in the outflow and samples were collected via a bucket at the
nearest possible access location to the source. Additionally, four treatment locations, two
using a cascade (MA7 and MA10) and two using peroxide (MA11 and MA12), were sampled
throughout the treatment reed pools to determine the impact of treatment processes on both
GHG processing and heavy metal removal. Carbon stable and radiogenic isotopes of the CO;
and CH; were sampled in these reed pool systems for comparison with each source, to
determine if retention of CHs and CO; within the reed pools impacted exchange of carbon
between CH, and CO; or whether additional CH; and CO, were generated. Use of peroxide
instead of a cascade slows the GHG out-gassing to atmosphere. To further understand
oxygenation and out-gassing in the cascade systems, one system MA7, which had the most
efficient oxygenation cascade, was sampled throughout the cascade. This cascade had 71
steps, each with a length of 0.76m and a drop of 0.16m with the water taking 65 seconds to
traverse the cascade. A study of this system, with water sampled every 10 steps enabled the
effect of oxygenation and out-gassing to be determined on GHGs concentrations. The
outgassing rate of the CHi, where no CH,4 generation would be expected linked to oxygenation
in the cascade, could be used to infer information about the impact of carbonate buffering on
CO; concentration and the production of N,O by nitrification on oxygenation of the water.
Sample collection in the cascade caused some additional turbulence, but it was assumed to be
the same for each measurement point.

Page | 74



Greenhouse gases from human-impacted rivers and estuaries

@ Sampling Location

10 20 Kilometres

/' Scottish Coal Measures

~ Clackmannan Group

~ Igneous Intrusion

1 Silurian Rocks

. Strathclyde Group

# 'gneous Intrusion
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1 Lanank Group
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Figure 4.2 - Sample site locations (MA1 to MA16) shown in the relation to the geology of the Midland Valley, Scotland.
Faults and bedrock geology were derived at a scale of 1:625,000 from https://mapapps2.bgs.ac.uk/geoindex/home.html (British Geological Survey, 2023)
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Table 4.2 - Mine water sampling location, treatment, geology and hydrology

Greenhouse gases from human-impacted rivers and estuaries

No Location Latitude (N) Longitude (W)  Height Mine or mine water  Treatment® Last known mining date ¥ Source Flow Iron pH®
code® (masl) locations name Coal @@  (|/s)@ (mg 1)@
1 MA1 56°14'45.06" 2°51'56.68" 145 Lathallan Mill Treated (3) Unknown LCG 12 12.8 N/A
2 MA2 56° 9'30.24" 3°38'36.52" 35 Mains of Blairingone Treated (3) 1900s - 1954 PCM 5-15 10-25 N/A
3 MA3 56° 8'20.60" 3°16'51.52" 75 Minto Treated (3) 1967 LCG 40-80 12 N/A
4 MA4 56° 8'1.15" 3°6'45.45" 50 Frances Treated (4) 1988, (Pumping stopped 1995) Multiple 120 40-120 6.2
5 MA5 56° 3'36.90" 3°30'6.14" 40 Pitfirrane Treated (3) 1800, recent opencast LCG 200-400 3 N/A
6 MAb6 55°53'38.10" 3°3'40.39" 35 Bilston (Junkies Adit) Discharged Lady Victoria 1981, Easthouses LCG 46 7 N/A
1969, Lingerwood 1967
Connected to Bilston 1989
7 MA7 55°50'53.67" 3°36'49.78" 175 Cuthill Treated (1) 1962 LLCG 5-15 10-30 N/A
8 MAS8 55°49'3.96" 3°47'40.92" 200 Shotts Discharged 1968-1974 LCG 240 1.6 7.1
9 MA9 55°47'59.39" 3°48'50.64" 200 East Allerton Treated (3) Unknown, recent opencast N/A N/A N/A N/A
10 MA10 55°47'43.31" 3°49'40.28" 200 Kingshill Treated (1) 1974 and 1968 LCG 11.6 11.6 7
11 MA11 55°46'15.03" 3°37'0.78" 240 Pool Farm Treated (2) 1955 LCG 30-100 10-20 N/A
12 MA12 55°45'40.04" 3°40'36.95" 260 Mousewater Treated (2) 1955 LCG 30-70 10-30 N/A
13 MA13 55°36'57.91" 3°52'49.97" 210  Johnhill burn Discharged Recent opencast - Broken Cross  LCG N/A N/A N/A
Auchlochan No. 9, 1968,
14 MA14 55°35'58.21" 3°53'24.73" 225 Muirburn Discharged Auchlochan 1968, Coalburn LCG N/A N/A N/A
1962, recent opencast
15 MA15 55°31'26.18" 3°52'32.54" 225 Glentaggart Discharged Glentaggart 1969, recent N/A 22 4.18 7.12
opencast
16 MA1l6 55°30'43.73" 4°5'3.35" 215 Kames Treated (1) 1968 LCG 15-20 15 6.8
Notes

1.  Locations code: MA- indicates this survey (Mine Adits) and the location code the number from 1 to 16 represents the position on this survey, with 1 furthest north and the 16 furthest south.
The number in brackets in the treatment column refers to the treatment arrangement as described in Figure 4.1; (1) cascade, (2) peroxide (3) stream and no deep-water pool and (4) caustic with no reeds.

2

3.  LCG = Limestone Coal Group, LLCG = Lower Limestone Coal Group, PCM = Productive Coal Measures

4 Indicative coal measure, flow, pH and iron concentration is from - The Coal Authority Overview of Mine Water in the UK Coalfields - Advice on Mine Water recovery and Mine Gas (November 2012)
(Whitworth et al., 2012), however these values can change with time.

5. Johnhill was measured in the receiving stream (Johnhill burn) as mine water pollution was via seepage with the source unidentified Field sampling and laboratory measurements
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Dissolved gas samples were collected in triplicate at each location using the headspace
method, together with ambient air samples (Billett and Moore, 2008). Conductivity (Cdt),
temperature (Tw), dissolved oxygen concentration (DO), dissolved oxygen saturation (DO%)
and pH were measured 0.1 m below the water surface using a HQ40d Multi portable meter
(Hach) with a Intellical CDC401 Laboratory 4-Poles Graphite Conductivity Cell, a Intellical
LDO101 Laboratory Luminescent / Optical Dissolved Oxygen and a PHC10101 Combined pH
electrode. A two-litre water sample was retained for later analysis which was kept in a cool-
box until returned to the laboratory for processing. Sample filtration and processing was
undertaken on the same day as collection.

Headspace samples were analysed using an Agilent 7890B gas chromatograph (GC) and 7697A
headspace auto-sampler (Agilent, Santa Clara, California), with CO,, CHs and nitrous oxide
(N20O) concentrations determined by running gas vials containing four mixed gas standards
prepared in a consistent way to the ambient air samples. The concentrations of the standards
gases were: 1.12 to 98.2 ppm for CHy4; 202 to 5253 ppm for CO3; and 0.208 to 1.04 ppm for
N>O. Water samples were filtered within 8-hrs of collection through a Whatman GF/F 0.7 um,
under vacuum. Filtrate was then analysed for: total dissolved nitrogen (TDN), total dissolved
carbon (TDC) and dissolved organic carbon (DOC) and anion & cation concentration. Analysis
for TDN, TDC and DOC were undertaken using a Shimadzu TOC-L series Total Organic Carbon
Analyser with all samples run within 24-hrs of collection. The difference between TDC and
DOC was used to calculate dissolved inorganic carbon (DIC). The filtration prior to
measurement, resulted in out-gassing of any residual GHGs including CO, raising the pH, such
that most DIC measured by this method was in the form of bicarbonate and will
underestimate the total DIC in the original MW sample. TOC measurement accuracy was
impacted by high DIC concentrations (Findlay et al., 2010), which was corrected for, but has
increased the TOC uncertainty. lon chromatography using a Metrohm 930 Compact IC Flex
was undertaken to determine both anion and cation concentrations. A mixed ion standard
containing 11000 ppm chloride (CI), 5000 ppm nitrate (NOs’), 4000 ppm sulphate (SO4’), 10000
ppm sodium (Na*), 5000 ppm ammonium (NH4*), 1000ppm potassium (K*), 1000ppm calcium
(Ca**) and 1000ppm magnesium (Mg?"), was diluted to make 8 standard solutions for
calibration. These included dilutions of 0.1, 0.5, 1, 2, 5, 10, 25 and 50%. ICP-MS was
conducted by Edinburgh University on both filtered and unfiltered samples to determine
concentrations of a large range of heavy metals. Agilent 7900 ICP-MS was used to produce a
semi-quant scan of each sample in addition to the full quant data for all elements of interest
including: Li, Be, B, Na, Mg, Al, Si, P, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr,
Nb, Mo, Ag, Cd, Sb, Cs, TA, Hg, Pb and U. Concentrations presented are derived from for
isotopes with the highest relative abundance. Multi-element calibrations were run at 6
dilutions at the start and then every 15 samples.

4.2.2 Gas partial pressures

To calculate dissolved gas concentrations and partial pressures from the headspace
equilibration method the following mass-balance equation was applied (Hamilton, 2006).

(COqu) . (Vliq) + (CO gas) . (Vgas) = (Cliq) . (Vliq) + (Cgas) . (Vgas) (Eq 1)

Where: Coiiq and Co gas are the original gas concentration, Ciq and Cgas are the concentrations in
the liquid and gas phases after equilibration (shaking) and Viiq and Vgas are the volumes of the
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liquid and gas in the syringe (assumed to be the same before and after shaking). Assuming
equilibrium inside the vessel then Ciq can be replace by:

Clig = Pgas. BT.PBAR (Eq. 2)

Where: Psar is the barometric pressure at the measurement time and altitude, Pgas is the
partial pressure in the gas phase, Br is the Bunsen solubility coefficient as a function of
temperature. This can be rearranged:

(COqu)= (Pgas . BT. PBAR) + (Cgas -Co gas).(Vgas)/(Vqu) (Eq 3)

This gas concentration in pmoles L™ can be converted to units of ppmv using the Ideal Gas
Law, where ppmv = (umoles L).(RT), where R is the gas constant and T temperature in Kelvin.

This method can lead to errors in CO, estimates as dissolved CO; is in dynamic chemical
equilibrium with other carbonate species. However for these over-saturated MW samples
with pH typically < 6.5, the error was estimated to be < 5% and no corrections were applied
(Koschorreck et al., 2021). One concern in the study design was that MW GHGs could outgas
prior to measurement. This occurred due to the level of supersaturation resulting in observed
bubble formation (MA4), turbulence induced by sample collection (MA7 and MA11) and
transfer by pipe to the measurement location (MA2 and MAS5). The results presented here
therefore represent minimum GHG concentrations. Where rapid out-gassing of CO, does
occur the effect of carbonate buffering resulted in an increase in pH and some of the DIC
converting to CO,. The known relationships of carbonate chemistry in water can be used to
determine if CO, out-gassing is occurring before source measurement, allowing the theoretical
CO; concentration to be determine from the measured pH and DIC concentration (Millero et
al., 2006).

4.2.3 Radiogenic and stable carbon isotopes

Collection of samples for the radiogenic and stable carbon isotopes analysis of CO, and CH,4
required processing of sufficient water to collect a minimum of 2 mg of carbon for each gas.
Evacuated accordion containers were used to collect water for isotopic analysis. A slow pump
was used to gently fill the container (to minimise degassing), with between 5 and 6 litres of
water. One litre of CO,-free air was added to the water container, which was shaken for 2
minutes to equilibrate the headspace. The headspace was subsequently collected in gas tight
bags for analysis (Garnett et al., 2016). Stable (6'3C) and radiogenic (A¥C) carbon isotopes
were measured at the National Environmental Isotope Facility at East Kilbride. To distinguish
between the possible sources of CHs and CO,, both radiogenic (A¥C) and stable (5!3C) isotope
measurements were required and analysis was undertaken by assuming a three-source model
(Fig. 4.3) (Gonzalez Moguel et al., 2021; Keith and Weber, 1964); Iram et al., 2017; Lu et al.,
2021).

To determine the proportions of the different CH, and CO; sources the following assumptions
were made: (1) any CHs from thermogenic or ancient carbon methanogenesis and any CO;
from limestone or coal would have no measurable *C, (2) any CH4 from modern biogenic
methanogenesis and any CO, from terrestrial DOC mineralisation would be of modern origin
and exhibit no significant loss of **C, (3) the 63C signals from all CH4 or CO, sources were the
same across the Midland Valley region and (4) there was no isotopic fractionation of the CO,
when produced from limestone. However once in the aqueous phase, the CO; will fractionate
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from the bicarbonate with more *3C in the bicarbonate than the CO,. The limestone derived
CO; has an equilibrium fractional of 8'3C of -1.26%o (at 11 °C) (Zhang et al., 1995).

The &8C values from the MW locations for both CHs and CO; were calculated by iteration and
then the 8%C confirmed by reference to the literature. The modern biogenic acetoclastic
production of CHs has a median 6'3C value of -60 %o, the thermogenic CH4 has a median §C
value of -30 %o and the hydrogenotrophic production of CHs has a median §'3C value of -80 %o
(Negandhi et al., 2013). The modern terrestrial organic carbon source for CO, has a §*3C value
of -29%o. The coal carbon source for CO; has a §"3C value of - 23.5 %o (NEIF internal Scottish
(Suto and
Kawashima, 2016). The limestone source has a 8'3C value of -6 %o, with the main area of

anthracite standard) with literature values between 23.7 %o and 27.4 %o

uncertainty around the 8%C value for limestone, dependent on the source rock. Literature
values ranged between -8.3 to +2.7 %o (Stanienda-pilecki, 2022), -12 to +4 %o (Keith and
Weber, 1964) and -4 to +7 %owith European Namurian strata having values -3 to +6%o
(Bruckschen et al., 1999).
knowledge, has never been measured and the variation in literature values for limestone

The 8%3C for Scottish Carboniferous limestone, to the author’s

introduce uncertainty in the CO, 623C for this calculation.

4.2.4 Analysis

between the GHG
concentrations, water physiochemical properties and metal concentrations.

Pearson’s correlation was applied to determine relationships
Principal
component analysis (PCA) was used to determine the level of correlation between the
multiple variables within the survey, treating the different locations across the Midland Valley
as different data points in a regional study. Values of p < 0.05 for correlation and difference

tests were considered statistically significant.
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Figure 4.3 - Potential CO2 and CHa sources in terms of their §1*C and §'3C signature.

Panel A represents signatures for three possible CHs sources; modern biogenic, ancient thermogenic
and ancient hydrogenotrophic methanogenesis. Panel B represents signatures for three possible CO2
sources: terrestrial organic carbon, ancient fossil carbon (limestone) and ancient CO from coal. The
actual samples will be a mixture of different sources. As both the CHs and CO2 may have a modern or
thermogenic/fossil carbon source and have been converted by different processes both §*C and 63C
measurements are required (Gonzalez Moguel et al., 2021; Keith and Weber, 1964; Iram et al., 2017; Lu
et al., 2021).
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4.3 Results

4.3.1 The Midland Valley’s mine water physicochemical properties

MW outflows were characterized by high conductivity (400 - 4400 uS cm™), up to two orders
of magnitude above that of the receiving river, slightly acidic to near-neutral conditions (pH 6 -
7), a low DO% content (6 - 25%) and surface water temperatures between 9 °C and 16 °C.
Compared to receiving rivers MW outflows were high in DIC (40 - 200 mg I!), Mg?* (10 - 170
mg I'%), Ca?* (50 - 290 mg I'Y), K* (2.5 - 25 mg I'}) and SO4* (25 - 610 mg I'Y). The total dissolved
nitrogen was between 0.2 and 2.3 mg I? which most likely reflected the inflowing
groundwater and organic carbon values ranged between 0 and 10 mg I but most values were
close to zero. The MW contained heavy metals with the concentrations ranging between; Fe
(2 - 65 ppm), Mn (0.4 - 5.1 ppm), As (0.2 - 3.5 ppb), Co (0.1 - 225 ppb), Zn (1.8 - 125 ppb), Ni
(0.5 - 300 ppb), Cu (0.5 - 35 ppb), Al (2.5 - 305 ppb) and B (36 - 1000ppb). Other elements of
concern such as Cd and Pb were low, in some cases below the limit of detection for the ICP-
MS. Three sites were noted for particularly high concentrations of heavy metals. These were
MA4 and MAG6, which are outflows from the most recently flooded mines and had the highest
concentrations of Fe and Mn and MA2 the only location situated in the Productive Coal
Measures (see Table 4.1), which had the highest concentrations of Co, Ni, Se, Hg and Zn.
Location MA15 had the highest concentrations of Pb and As.

Due to the high number of variables PCA was undertaken to look at similarities between
locations. However, the high metal content of sites, MA2, MA4 and MA6 dominated any
analysis, indicating that time since abandonment and coal measure geology are important. To
enable other relationships in this regional study to be determined, data from MA2, MA4 and
MA6 were removed from the PCA in Fig. 4.4. Mg?*, Ca?, DIC and CO; and SO.* are highly
correlated, consistent with high acidity from sulphuric acid dissolving the limestone in the coal
measures. CHg is almost inversely correlated to Mg?*, Ca%, DIC and CO; and SO4* suggesting
that conditions favourable to CO, production may inhibit methanogenesis. Fe is strongly
correlated with total TDN and NHs and to a lesser extent Na* and K*. Several metals were
positively correlated to SO, and negatively correlated to pH across the range of MWs
investigated including Mn, Fe, Co, Ni, Li, B, Zn, Rh, Sr and U. Conversely, Al, Ti, V, As, Cu, Se,
Mo, Cs, Hg and Pb show no statistically significant correlations with either SOs* or pH.
Concentrations of Cd and Pb, often associated with coal measures, were very low.
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Figure 4.4 - Relationships between greenhouse gases and water chemical properties.

MA1 to MA16 indicate the mine water locations sampled as part of this study (MA 2, 4 and 6 are not included as
their high heavy metals concentrations dominate the analysis). Dissolved GHGs include: CO2-C, CH4-C and N20-N.
Water chemical properties include: total dissolved nitrogen (TDN), dissolved organic carbon (DOC) and dissolved
inorganic carbon (DIC), Cl-, NO3-, SO42-, Na+, NH4+, K+, Ca2+and Mg2+ Co, Pb, Cr, Mn, As, Ni, Cu, Fe and Zn.

Sources of greenhouse gases in mine water

The GHG concentrations from the MW source locations were high, with [CHs] and [CO3]
ranging from 20 to 215 pgl? and 30 to 120 mg I"* respectively. Where MW sources were high
in DO% and low in GHG, for example at MA2 and MA?G, it is likely that some out-gassing has
already occurred during transport by underground pipe. The radiogenic and stable isotope
data (AC and 6%3C) were used to determine the sources of the CHs and CO,, by using a three-
source model (Fig. 4.3). Where isotopic characterisation was possible 51% of the [CH4] were
of modern biogenic origin, 41% from thermogenic origin and 8% from hydrogenotrophic origin
(Fig. 4.5 A, C and E). Conversely 65% of the CO; is derived from limestone, 20% from modern
terrestrial organic carbon and 15% from coal related carbon (Fig. 4.5 B, D and F). There is no
correlation between the two ‘modern carbon’ concentrations for CH, and CO, (Table 4.2).
Four locations (MA 8, 11, 14 and 15) appeared to contain no coal-based CH, and no coal-based
CO; as indicated by their 8'3C values.
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Figure 4.5 - Relationships between §'C and §*C in mine water CHs and CO2 (MA1 to MA16)

Panel A shows the relationship between §4C and 63C for CH4 and Panel B for CO,. Panel C shows relationship
between the amount of modern and ancient CH, for MA1 to MA16 (Note sites (MA 2, 6,9, 13) ringed were not
measured due to the low CH4 concentration) and Panel D for CO,. Triangles mark locations where sulphate
concentrations in mine water are < 100 mg I-1, circles where sulphate concentrations are between 100 - 300 mg I-1
and squares where sulphate concentrations are between 300 - 600 mg |-1. Panels E and F show the proportion of
each source of CHsand CO; ranked by biogenic CH4 concentrations.
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Table 4.2 - Estimated concentrations of methane and carbon dioxide based on radiogenic and stable isotope ratios

Modern Biogenic CO2 Ancient Coal CO;

Ancient Limestone CO
513C -29 %o, 100 9 6%3C-23.5 %0, 09
o, % 8"3C -6 %o, 0 % modern %0, 0%

Modern Biogenic CHa Ancient Thermogenic CH4 Hydrogenotrophic CHa
5%3C -60 %0,100 % modern &83C -30 %o, 0 % modern §%3C -80 %o, 0 % modern

modern modern
Sources Proportion (ngl™) Proportion (ngl™) Proportion (ngl™) Proportion (mgl?) Proportion (mgl?) Proportion (mgl?)
MA1S Lathallum 0.72 22.9 0.23 7.5 0.05 1.6 0.33 14.6 0.52 23.2 0.15 6.7
MA2S Mains 0.22 11.2 0.55 27.7 0.23 11.9
MA3S Minto 0.46 23.8 0.51 26.3 0.03 1.6 0.19 13.0 0.65 44.5 0.16 111
MA4S Frances 0.20 14.8 0.46 34.2 0.34 25.6 0.12 13.6 0.56 65.0 0.33 38.2
MAGSS Pitfirrane 0.30 10.7 0.40 144 0.30 10.6 0.16 12.0 0.77 56.3 0.07 5.2
MABS Bllston 0.16 121 0.63 46.2 0.21 15.4
MA7S Cuthill 0.12 5.0 0.88 37.1 0.00 0.19 13.6 0.51 35.7 0.3 21.0
MAS8S Shotts 0.61 46.1 0.39 29.5 0.00 0.31 9.7 0.68 21.2 0.01 0.3
MAS9S E Allerton 0.15 114 0.85 66.1 0.00
MA10S  Kingshill 0.44 85.1 0.56 108.5 0.00 0.23 8.6 0.41 15.0 0.36 13.3
MA11S  Pool-Farm 0.65 59.0 0.35 314 0.00 0.3 0.33 17.8 0.67 35.7 0.00
MA12S  Mousewater 0.24 17.2 0.24 16.8 0.52 36.7 0.25 121 0.66 32.0 0.09 4.4
MA13S  Johnhill 0.78 8.8 0.22 2.6 0.00
MA14S  Muirburn 0.65 38.0 0.35 20.2 0.00 0.14 8.8 0.86 53.3 0.00
MA15S  Glentaggart 0.69 130.9 0.31 58.7 0.00 0.22 9.5 0.76 33.1 0.02 0.7
MA16S Kames 0.57 76.1 0.38 50.6 0.05 6.2 0.2 12.0 0.64 37.7 0.16 9.4
Average Source 0.47 44.1 0.42 36.3 0.11 6.9 0.25 11.8 0.62 37.2 0.13 8.6
Weighted average 0.51 0.41 0.08 0.20 0.65 0.15
Reed Pools Proportion (pgl?) Proportion (ngl?) Proportion (ngl?) Proportion Total Proportion Total Proportion Total
MA10R  Kingshill 0.45 16.8 0.55 20.5 0.00 0.33 8.6 0.67 17.2 0 0
MA11R  PoolFarm 0.66 18.6 0.34 9.6 0.00 0.26 8.2 0.75 24.0 0 0
MA12R  Mousewater 0.31 11.0 0.27 9.8 0.42 15.20 0.23 3.7 0.41 6.3 0.36 5.6
Notes

1.  Onthelocation code, S indicates this was a Source location, R indicates this was a reed pool location.

2. The following §*3C values have been calculated for CHa: modern biogenic acetoclastic production = -60 %o , the thermogenic = -30 %o and the hydrogenotrophic production = -80 %e.

3. The following 8*3C values have been calculated for CO2: modern terrestrial organic carbon =- 29 %.. The coal carbon source =- 23.5 %o and the Scottish Carboniferous limestone =-6.

4.  Both MA13 and MA9 may derive from opencast and appear to have a more positive §!3C values for CO, from a fossil source (limestone) than at other sites.

5. The [CHa4] was too low at sites MA2 (16.2 ug I'Y) MA6 (13.1 pg I'Y) MA9 (22 pg I'Y) MA13 (19.2 pg I'Y) to measure the radiogenic and stable isotopes.

6. The average source value is the average across the site and the proportion weighted average is weighted by the concentration of each source.
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Greenhouse gas generation or consumption in reed pools

Measurements of AC and §3C were made on CHzand CO, from the reed pools and compared
with that at the source (Fig. 4.1), using cascade (MA7 and MA10) and peroxide oxygenation
(MA11 and MA12). The cascade at location MA7 was too efficient at outgassing GHGs to
enable sufficient sample to be collected for this analysis.

There was no significant change in the A*C of any reed pool samples compared to the source
for CO,, however the CO, 6'3C increased. For CH, there is a slight increase in percentage
modern, particularly for MA12, which has extensive good quality reed pools and a similar
increase in the CH, 6%3C. This difference was particularly evident for the peroxide systems
(MA11 and MA12) where energy is not being supplied by the cascade (Fig. 4.6).
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Figure 4.6 - Source to reed pool transition on 8§'*C and 63C composition.

Location MA10 was oxygenated by a cascade system and locations MA11 and MA12 were oxygenated by peroxide.
The circle indicates the location source and the square the location reed pool. The arrow showing the direction
from source to reed pool. The percentage of the GHG remaining after transfer to the reed pool is indicated in the
box for each system.

Impact of oxygenation by cascade on greenhouse gas concentrations

At location MA7 water is pumped 0.25km, from a well (source) site to a location where there
is space and height for a 12m gravity cascade to oxygenate the MW. GHGs were measured
throughout the cascade, every 10 steps with the final location measured in the reed pool. The
cascade increased DO from 17% to 92% and pH from 6.3 to 7.2. The [DIC] (assumed when
measured to represent bicarbonate only) decreased from 119 mg I to 84 mg 1. [CH4]
decreased from 482 to 0.2 pg I'* and the [CO;] from 71 to 6.8 mg I1. Conversely the N,O
concentrations increased from 0.4 pg I to 0.6 pg I'* and then stabilised and further increased
in the reed pools. This increase and stabilisation of [N;O], indicated that N.O was being
produced rapidly within the water, probably stimulated by oxygen availability, with
production and outgassing likely in equilibrium. The CHs concentration, unaffected by in-
water processes could be used to estimate outgassing rate and would suggest that [N2O-N]
was on average 1.06 pg I' in the cascade (180% higher than measured). The TDN
concentrations in this sample was 1.6 mg I}, likely derived from groundwater. The outgassing
of the CO; resulted in a pH change and changed the carbonate balance. Theoretical CO,
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values can be calculated from the pH and [DIC] and indicated that around 38% of the CO, had
outgassed before measurement.

4.3.5 The effectiveness of reed pools for removing heavy metals

Four treatment systems were selected to examine heavy metal removal, two with a cascade
(MA7 and MA11l) and two with peroxide treatment (MA12 and MA13) (Fig. 4.1).
Measurements were made at each stage of the treatment including; at source, after the
cascade (if one was used), after the deep-water pool, in the main reed bed and at the out-flow
to the river (or after the second reed bed). Measurements included GHG concentrations and
water physicochemical properties in addition to a range of metals. The cascade or peroxide
systems increased the DO in the water causing Fe and As to precipitate (Fig. 4.7)
demonstrated by the difference in the filtered and unfiltered concentrations. However
sufficient time was still required for fine particles of the insoluble Fe (lll) and As (v) to settle to
the bed. The Co, Ni and Mn are partly removed but do not appear to be precipitated by
changes in their oxidations state as there is little difference between the filtered and
unfiltered measurements. They may be partly removed by complexing or coagulation and
then filtration by reeds or sedimentation. The reed pools had little impact on any other
metals, for example Cu was not removed. The residence times within the systems varied, with
that estimated for MA7, 11 and 12 in the order of days. At location MA11l there was a
significant reduction in treatment residence time, which appeared insufficient for removal of
metals, as the second reed bed was by-passed due to maintenance work and water was
discharged to the river after the first reed bed.
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Figure 4.7 - Changes in heavy metal concentrations in treatment reed pools.

Oxygenation is by a cascade for MA7 and MA10 and a peroxide drip for MA11 and MA12. The MA7 cascade is the
most efficient oxygenation system. The measurement points through treatment system included: S = source, C =

end of cascade, D = exit from deep pool, R = reed pool, O = outflow. At the time of the measurements the second
reef pool at MA11 was bypassed reducing the residence time.
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4.4 Discussion

4.4.1 Causes of and variation in carbon dioxide and methane in mine water

This study is, to our knowledge, the first to investigate GHGs both in terms of source size and
origin in the context of MW outflows. Across the locations in the Midland Valley for which
stable and radiogenic isotopes were measured; 51% of the CHswas of modern biogenic origin,
41% from thermogenic origin and 8% from hydrogenotrophic methanogenesis of coal origin.
Conversely 65% of the CO,was derived from limestone, 20% from modern terrestrial organic
carbon and 15% from coal related carbon. There was no correlation between the CHs and CO;
‘modern carbon’ concentrations, suggesting factors other than availability of organic carbon
are limiting these concentrations.

For biogenic CH; in MW, 70% of the variation can be accounted for by considering the [SO4?]
and the DO as per the equation in Fig. 4.8 A (R?= 0.78, p-value <0.001). Sulphate reducing
bacteria (SRB) can outcompete methanogens, with rates of methanogenesis estimated at two
orders of magnitude lower than rates of sulphate reduction, indicative of SRB having a higher
substrate affinity for H, (Lovley and Klug, 1983; Kristjansson and Schénheit, 1983). The inverse
relationship with DO may be an indication that anoxic conditions within the mine, increase
CH4 production. Alternatively, it more likely indicates that partial reoxygenation of the MW
has occurred prior to measurement. Our results from investigation of a cascade system at
MA7 demonstrated that the rate of increase in DO% is proportional to the rate of decrease of
GHGs by outgassing. If outgassing rather than mine environment is the main influence on
measured DO, this indicates that MW [CH4] would be higher than measured, with a proportion
of CH, already lost to the atmosphere. There is no statistically significant correlation between
biogenic CHs concentration and DOC or time since abandonment, suggesting that time for
organic material build up in the mine systems is not a major factor. Several of the deep mine
sites have subsequently been mined by opencast including locations MA5, MA10 and MA15,
and much of this opencast has undergone land restoration using sewage sludge. This is
documented for the area above the MA15 outflow, the location with the highest measured
biogenic [CH.], [Pb] and [As]. It is possible that this contamination is derived not from the
mine but from the sewage sludge used in land restoration after 2017 (Eadha Enterprises, 2023,
Scottish Power Eneregy Networks, 2019; Glasgow World, 2017). Sewage sludge could provide
a source of modern carbon for biogenic methanogenesis or alternatively the bioavailable
heavy metals contained in the sewage sludge could impact microbial metabolism. Metals can
act as catalysts for enzymes including methanogens. However high metal concentrations can
be toxic to microorganisms (Jarostawiecka and Piotrowska-Seget, 2022). As such adding
sewage sludge in land restoration could have multiple, variable impacts on [CH4] in MW (Paulo
et al., 2017).

Thermogenic CH; production occurs during coalification as increasing temperature and
pressure drive CH, from the coal. The CH, production increases rapidly with increasing coal
rank (based on hardness and volatility) although storage capacity is lower within high rank
coals due to their lower porosity (Kholod et al., 2020). The longwall mining approach, often
used in the UK, leads to the collapse of overlying strata into the created void, reducing the
stress in the overlying 150-200m and underlying 40-70m, with fracturing increasing the
permeability of the coal. This together with the reduced pressure from mine ventilation has
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resulted in thermogenic CH, desorbing from the coal (Jones et al., 2004). Remaining coal
seams within the strata, disturbed by mining continue to produce CH, at a low rate (Kershaw,
2005). It is hypothesised that once the mine is flooded, water pressure will restrict desorption
of thermogenic CH,4, but water moving past the coal dissolved some thermogenic CH, probably
dependent on the remaining amount of coal and the CH4 pressure, making up 41% of the CH,
in this region. Trapped thermogenic CH; could also be dissolved, with increasing water
pressure. All MW contains thermogenic CH4, with no statistically significant correlation with
time since abandonment, suggesting an equilibrium is reached after flooding, with the amount
of CHs dissolved, low compared to the size of the CHs reservoir. The best predictor of
thermogenic CHy is pH and Tw as per the equation in Fig. 4.8 B (R?= 0.66, p-value < 0.001).

Hydrogenotrophic methanogenesis is associated with the metabolism of short and long-chain
alkanes and polyaromatic hydrocarbon (Gonzalez Moguel et al., 2021). This mechanism was
only positively identified at locations MA 4, 5 and 12. Hydrogenotrophic CHs production
requires CO; being produced from coal and reduced with H; as the electron donor (Park and
Liang, 2016). However, the irregular structure of coal, the need for methoxylated aromatic
compounds and complex microbial consortia under specific culture conditions and the more
common occurrence in lower rank coals (Iram et al.,, 2017) are probably the reasons this
biodegradation is limited. Hydrogenotrophy has been found to dominate in some low-
temperature waters from coal seams with different coals having different methanogens
present (Meslé et al., 2013). This mechanism does not appear very important in this region
and there is insufficient data to determine causality, but it was found in both the most recent
and the oldest abandoned mines.

CO; generated from the dissolution of limestone is the major mechanism for production of
CO; in MW in the Midland Valley Scotland, as all coal measures are associated with limestone.
The mechanism involves dissolution of FeS; forming sulphuric acid and this acidic environment
accelerates the dissolution of limestone forming CO, (Eg. 4 and 5). The ratio of dissolved CO,,
carbonic acid (H2COs3) and bicarbonate (HCOs’) are dependent on the pH. As the pH increases
the percentage of bicarbonate also increases. In this context the strong negative correlation
between limestone derived CO; and pH is predicted and is improved when the amount of DIC
in solution is accounted for (R? = 0.51 and p-value <0.001). The concentration of CO, from
limestone increased most strongly with [SO4%] as per the equation in Fig. 4.8 D (R = 0.66 and
p-value <0.001).

2FeS,(s) + 2H,0 + 70, -->4H* + 4504% + 2Fe?* (Eq. 4)
CaCOs + H,S04 --> CO; + H,0 + CaS0, (Eq. 5)

The relationship between biogenic CO; and pH is also significant as per the equation in Fig.
4.8C (R? = 0.55 and p-value <0.001), with the amount of biogenic CO, inversely correlated to
pH. The pH is not known to impact DOC decomposition, although decomposition of organic
matter leads to the production of acids, these acids are likely to be weak compared to the
sulphuric acid produced from FeS,. Tw was not found to be correlated with biogenic CO,
although this is usually positively correlated with organic decomposition (Billett et al., 2007).
While the proportion of biogenic CO, from terrestrial source changes the amount was
relatively constant 8 - 18 mg I and probably derived from the DOC in the water entering the

mine, resulting in little remaining DOC.
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The CO; derived from coal may also be the source of the hydrogenotrophic CH,; found in some
MW. Both the CO; and CH,4 data are consistent in suggesting that four locations (MAS8, MA11,
MA14 and MA15) have very little remaining coal and show no evidence for CO, from coal. The
coal-based [CO,] is inversely correlated with time since abandonment as in Fig. 4.8 E (R2=0.73
and p-value <0.001), suggesting that less CO, from this mechanism was produced with time,
reducing to a low stable level (5 mg I'?) after 100-200 years. This is the only identified GHG
source to show a statistically significant relationship with time since flooding. This would
suggest that loss of dissolved CO; is significant compared to the CO, reservoir, leading to
depletion of this source, probably due to the higher CO, solubility compared to that of CHa.
The reduction in coal-based CO, suggests hydrogenotrophic methanogenesis is less likely to be
significant at new locations in the future.

4.4.2 Causes of heavy metals in mine waters

Heavy metals Fe and Mn had the highest concentrations, and both showed a significant
reduction with time from flooding (Fe R?= 0.63, p-value < 0.001) and (Mn R?= 0.73, p-value <
0.001 (one value removed)) (Fig. 4.8 F), with reduction to around half the initial concentration
after 50-years. Although MAS had an [Fe] of only 3 mg I (about 5% of the maximum value),
the [Mn] was still 2.1 mg I"* (about 42% of the maximum value) after 230 years. MW outflow
receiving rivers were often noted to have high [Mn] (SEPA, 2015). Li, B, K, Rb and Sb, available
at much lower concentrations, showed similar significant reductions with time from flooding
but this trend is not significant for any other metals in this region. Li, B, Mg, Ca, Mn, Fe, Rh, Sr
and Ur showed a positive correlation with [SO4*] and Co, Ni and Zn a negative correlation with
pH, suggesting these are mainly dissolved by the low pH waters. However, there was no
evidence that MW pH or [SO4*] changed with time. Heavy metals are likely to continue to be
dissolved if available in the mine. The reed pools were effective at removing Fe and As by
oxidation to an insoluble form followed by precipitation. Mn, Co and Ni were also partly
removed by the reed pool systems, most likely by adsorption (complexing or coagulation) to
particles which subsequently settled, or by precipitation as carbonates and hydroxides which
can occur at higher pHs (Nielsen et al., 2013). No other metals were removed. Treatment
systems effectiveness was associated with longer residence time and increasing pH and DO,
with the high carbonate buffering likely reducing the overall dissolution of heavy metals.
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Figure 4.8 - Causal relationship for different CO2 and CH4 sources and metal concentration
Panel A - relationship between biogenic CH4 concentration and sulphate and dissolved oxygen. Panel B -
relationship between thermogenic CH4 concentration and pH and temperature. Panel C - relationship between
biogenic CO; concentration and pH. Panel D - relationship between CO; from limestone and sulphate
concentration. Panel E - relationship between CO; from coal and time since abandonment. Panel F - relationship
between Iron and manganese concentration and time since abandonment. Confidence limits are for 95%.
Measurement standard error (o) for modern CH4 and CO2 are in the order of 2% and for the ancient CH4 and CO2
sources in the order of 5%.
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4.4.3 Greenhouse gases from mine waters are all released to atmosphere

Where cascade systems are used the GHGs in the MW were release directly to atmosphere.
The more effective the oxygenation cascade, the more GHGs were released. Where GHGs do
enter the reed-pool systems there was little evidence of either CH, or CO; generation or
consumption associated with the wetland environment. The change in the carbonate balance
in a cascade resulted in some of the bicarbonate being converted to CO; to replace that lost
by rapid outgassing increasing carbon loss. In peroxide systems most of the CO; is lost to the
atmosphere, but 30% less bicarbonate appears to be converted to CO,, due to slower
processing. For CH4 there is a slight increase in the modern carbon within one treatment
system (MA12). This could be indicative of biogenic methanogenesis within the read pools,
but the reed pools are likely to be a weak source for methanogenesis while Fe?* is present.
Measurements of CH4 8*3C and CO, 8*3C from the reed pools and compared with that at the
source showed an increase in all §13C, which was particularly evident for the peroxide systems
where energy is not being supplied by the cascade as was attributed to preferential loss of 1,C
compared to 13C during evasion processes.

In the low oxygen conditions in the mine, most of the nitrogen was in a reduced state, as
ammonia, and in the presence of Fe?*, a strong electron donor. As Fe?* is oxidised to Fe3* it
donates electrons enabling nitrification (Wrage et al., 2001). Once oxygenation of the water
occurred, N,O was observed to increase, suggesting nitrification was main mechanism of
nitrogen processing, as observed in the cascade at MA7. The N,O concentration increased
through the treatment process provided TDN was available in the MW. Reducing nitrogen in
groundwater would reduce this GHG source.

Due to methodological limitations resulting in outgassing prior to measurements, GHG
measurements represent a minimum value. The average unweighted measured dissolved
CO; concentrations across all sites was 58 mg I'and the average unweighted theoretical CO;
concentrations was 91 mg I, suggesting that on average 37% of the supersaturated gases
may be escaping prior to our measurements. The largest factor dictating the level of gas loss
being the CO; saturation (R? = 0.51, p-value <0.001). At location MA4, which had the highest
CO; concentration bubbles were observed in the water as it reached the surface. A secondary
factor appears to be distance of transfer, which was evident for locations MA2 an MA5
(Whitworth et al., 2012).

4.4.4 Estimates of the Global Warming Potential in the mine waters

The estimated global warming potential (GWP) of the GHGs from MW are provided in Table
4.3 based on the assumptions: (1) all the GHGs from the MW outgas to atmosphere and are
not consumed, (2) the distribution of GHGs across all sites is the same as the distribution
measured, (3) the most likely number of potential sites in Scotland is 200 and (4) the average
flow volume for all sites is not known, hence flow-weighted average concentrations were used
with the average flow volume from the measurement sites (Table 4.3).
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Table 4.3 - Global warming potential from mine water in Scotland - High and low estimates
are based on +3 standard deviations from the mean for concentrations (shown as median)

High Median Low
Number of sources 200 150 100
Average Flow (lI/s) 90 70 50
Average CH4- C (pg 1) 77 64 51
Average CO2- C (mg I}) 80 64 46
Average N20- N (ug 1Y) 0.73 0.6 0.43
Total GWP (tones / year) 26969 / 36940

168334 / 230620 78589/ 107667
(Measured / Calculated)

Percentage of Scotland GWP (%) 0.07 / 009%
0.42 / 0.58% 0.20/0.27 %
(Measured / Calculated)

Notes

1. GWPfor CO: =1, CHs =28 and N20 =298 (based on a 100-year time horizon) (Myhre et al., 2013))

2. The concentrations are estimated as the flow weighted average values from the survey.

3. 200 mine water sites have been identified (used as the upper estimate) however, the average flow volume for all
sites is not known, hence the average flow from the measurement sites was used.

4.  Scotland’s emissions are 40.0 MtCO2e as reported for 2020(Scottish Government, 2022)

5.  The N20 estimate is derived from N.O measured at source but oxidations of the ammonia in MW would enable
further N2O production once the dissolved nitrogen is moved to the reed pools and rivers.

6.  The calculated values include the estimated outgassing prior to measurement of 37%.

Our results show the legacy effects of mining related activities and their association with GHG
production and climate change in the UK context, where most mining activity has ceased. The
UK has over 900 abandoned coal mines (Fernando, 2011) but it is estimated there are over
48,000 in the USA (Manthos, 2016; OSMRE, 2016) and over 1million mines globally (Candeias
et al., 2019). Although climate change has prompted many countries to change their coal
production strategies, worldwide coal consumption reached 7,585 Mt in 2017, with Asia
continuing to expand its coal mining to drive economic development (International Energy
Agency, 2018). Global coal consumption rebounded by 6% to 7,929 Mt in 2021 resulting from
the energy crisis (International Energy Agency, 2022). Given that mining remains a
contemporary pressure, further investigation of GHG release and management within such
systems is important to inform closure procedures that minimise legacy emissions.

To enable translation of the MW GWP estimates from this regional study to a global GHG
budget significant knowledge gaps need to be filled including: quantification of the total
volume of MW from abandoned mines, their associated geology particularly with respect to
the occurrence of carbonate and sulphur containing rocks and the impact of mining
techniques and coal rank on the GHG sources identified. Additionally GHGs in MW from
active mines has not be quantified but may be significant, for example China produces 4.5
billion m3 yr-1 (Wang et al., 2021b). Further research to characterise this potentially highly
variable source would help with close the gap between bottom-up and top-down estimates of
GHG emissions.

The 2006 IPCC Guidelines for National Greenhouse Gas Inventories includes fugitive emissions
from mining, including from abandoned mines (IPCC, 2006). It considers that abandoned
mines are significant CH4 emitters unless flooding inhibits release and allows emissions from
completely flooded abandoned mines to be treated as negligible. Emissions related to GHGs
dissolved in MW, are not considered including in the 2019 revision (IPCC, 2019). The focus for
abandoned mines is on CH4 emissions to air, while this study confirms that dissolved CO2 can
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be the most significant GHG emission (97% of the MW GWP) with dissolved CH4 constituting
the remainder. A section on future methodological development for fugitive emissions is
presented in the Appendix (IPCC, 2019) which could be amended to include GHG dissolved in
MW with the focus on mines where limestone and high sulphur rocks are present in the
geology. Where carbonate-based rocks are used to treat acid MW, associated CO2 should
also be included as a fugitive emission.

For Scotland the 2020 deep mine abandoned mine methane (AMM) projections were 0.05
MtCO2e with no AMM utilisation (Fernando, 2011). The annual estimates of GHG emissions
from this study for MW in Scotland range from 0.03 to 0.35 MtCO2e. The median estimate of
GHG production from AMW in Scotland derived from this study is 0.1 MtCO2e, twice that
from the AMM, suggesting this term should be accounted for in the fugitive emission
calculation towards inventory reporting.

Conclusions

The origins of the dissolved CHs and CO; in MW from the abandoned coal mines were
effectively determined by the application of A¥*C and 6'*C measurements, with three different
sources distinguished for both CH, and CO,. The concentrations of the different CH; and CO;
sources varied considerably dependant on the MW location, with [SO4%] the biggest factor
influencing both [CHs] and [CO,]. Sulphate inhibited methanogenesis but increased CO;
production from the dissolution of limestone. The flooding of the mine enabled dissolution of
limestone and conversion of DOC to produce CO,, whereas CHs production was significantly
reduced by flooding of the mine, which reduced the escape of thermogenic CH4 by pressure
on the coal seams. The main source of CH, was biogenic production from modern carbon in
the water, but thermogenic CH4 was still significant with neither CHs nor CO,impacted by time
since abandonment.

The different treatment processes, specifically the use of peroxide or cascade, and varied use
of pools and reed beds had only a small impact on the final GHG emissions to atmosphere.
The cascade systems released GHGs more rapidly reducing any opportunity for later removal,
and resulting in increased CO, emissions (30%) due to the rapid conversion of HCOs to CO; to
restore the carbonate equilibrium. Reed pools could act as a source of biogenic CH,4 although
the effect was small likely due to inhibition by metal ions. Configuration of the reed pools had
a significant impact on heavy metal removal with residence times in the order of days
required to allow settling of precipitated ions. The treatment by oxygenation and reed pools
was most effective for the removal of Fe and As, which relies on oxidation and precipitation of
higher valence state compounds and to a lesser extent Co, Ni and Mn, but no other metals
were removed. The MWs [Fe] and [Mn] decreased by half, typically 50-years after mine
inundation although some MWs exhibited persistent residual metal contamination.

In Scotland many MW sites are treated, but this is not be the case globally with contamination
from tailings and acid mine drainage a significant cause of global pollution (Carvalho, 2017)
and causing significant damage to biodiversity (Ayangbenro et al., 2018). As coal mines are
abandoned it is advantageous to utilise AMM, with the most suitable mines having minimal
water ingress and the ability to reduce water and air ingress with the largest quantities of
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AMM recovered in the first 10 years after abandonment (UNECE, 2019). However, most
mines will eventually flood creating MW, although the prevention of air ingress could reduce
pyrites oxidation. While mines are often engineered to facilitate AMM production, mines also
need to be engineered to prevent significant MW pollution, which would be most effectively
done before or as the mine is abandoned. Maodifications to inhibit sulphuric acid generation
processes would be required and would reduce CO, generation and the dissolution of heavy
metals but could increase biogenic CHs. While the latter would be a relatively small GHG
impact when compared to any CO; reduction it could also support AMM. Dissolved MW CH,4
could perhaps be recovered from the MW, in similar ways to that applied to wastewater (GMI,
2023). Two approaches to reduce sulphuric acid generation include, use of engineered SBRs
(Muyzer and Stams, 2008; Ayangbenro et al., 2018), although the isolation of acid tolerant
SBRs, may be required (Magowo et al., 2020) to avoid the use of neutralising agency such a
calcium carbonate and, coating the pyrites within the mine while in operation as each area is
mined and before pyrites oxidation and mine flooding. Coating of mine walls would be viable
to reduce acid generation hence preventing the dissolution of both metals and carbonate rock
from future abandoned mines (Liu et al., 2017) and could be tested for its compatibility with
AMM recovery.

This novel work has contributed information about the sources and controls of GHG fluxes in
MW and identified the need to quantify and include this emissions term in GHG budgets.
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Highlights
e Urban wastewater and low oxygen levels promote high estuarine greenhouse gases.
e Interactions between estuary type and anthropogenic impact amplify greenhouse gases.
e Urban pressures may make estuaries a hidden source of greenhouse gases globally.

e A conceptual model for estuarine greenhouse gas generation is presented.

Abstract

Biologically productive regions such as estuaries and coastal areas, even though they only
cover a small percentage of the world’s oceans, contribute significantly to methane and
nitrous oxide emissions. This paper synthesises greenhouse gas data measured in UK estuary
studies, highlighting that urban wastewater loading is significantly correlated with both
methane (P<0.001) and nitrous oxide (P<0.005) concentrations. It demonstrates that specific
estuary typologies render them more sensitive to anthropogenic influences on greenhouse
gas production, particularly estuaries that experience low oxygen levels due to reduced mixing
and stratification or high sediment oxygen demand. Significantly, we find that estuaries with
high urban wastewater loading may be hidden sources of greenhouse gases globally.
Synthesising available information, a conceptual model for greenhouse gas concentrations in
estuaries with different morphologies and mixing regimes is presented. Applications of this
model should help identification of estuaries susceptible to anthropogenic impacts and
potential hotspots for greenhouse gas emissions.
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Introduction

The climate is considered unequivocally to have warmed significantly since the 1950s with
increasing levels of greenhouse gases (GHGs), with the largest contribution derived from
carbon dioxide (CO,) followed by methane (CH4) and nitrous oxide (N2O) (IPCC, 2013). Shelf
seas including estuaries and coastal areas, cover approximately 9% of the world’s oceans
(Harris et al., 2014) and are highly biologically productive, driving between 10 and 30% of
marine primary production (Sharples et al., 2019) and contributing about 75% of the oceanic
methane emissions (Bange et al., 1994). Shelf seas are a major nitrous oxide source, with
European shelf sea (9.4% of total shelf) contributing 26% of global oceanic nitrous oxide
(Bange, 2006), largely through denitrification-nitrification cycling from terrestrial runoff.
Additionally, the outflows from urban wastewater (UWW) contribute to enhanced nitrous
oxide production (McElroy et al., 1978; de Angelis and Gordon, 1985; Seitzinger, 1988; Law et
al., 1992).

A review of the literature on estuarine methane emissions from different locations globally
(Bange et al., 1994; Bernard, 1978; Oremland et al., 1983; Franklin et al., 1988; Munson et al.,
1997; Torres-Alvarado et al., 2013; Bange et al., 1998; Lyu et al., 2018), suggests that estuaries
can drive particularly high methane production, despite their varying physical conditions,
where they have the following conditions; high levels of organic matter, active sedimentation
processes moving both river and estuarine sediments to trap organic matter and low oxygen
levels. Similarly, a range of studies (Wrage et al., 2001; Pfenning, 1996; Revsbech et al., 2005;
Reay et al., 2003; Pattinson et al., 1998; Beaulieu et al., 2011; Yu et al., 2013; Rosamond et al.,
2012) suggests there are several major controls on nitrous oxide production within estuaries
in both nitrification and denitrification rates, including ammonium (NH4*) and nitrate (NOs)
concentrations, dissolved oxygen, organic matter availability and temperature. Greenhouse
gas fluxes generated within the estuarine environment are often highly variable, as reflected
in the considerable range observed in UK, European and global estimates (Upstill-Goddard and
Barnes, 2016; Borges et al., 2016; Bange, 2006). European estimates range in the order of
0.007 to 1.6 Mt N,O yr* and 0.03 - 0.7 Mt CH4 yr, with UK estimates accounting for more
than 20% of these values. However, there is both a paucity of data for estuaries globally and
concerning the drivers of these emissions. There is a clear need for an improved
understanding of anthropogenic impacts, largely in the form of urban pollution, as well as the
interactive effects associated with tidal, flushing and river regimes, climate, temperature and
land-use. In order to increase the confidence in the magnitude of these estuarine GHGs as
part of the general IPCC process (IPCC et al., 2006) and the UK government’s carbon emission
strategy (Institute for Government, 2020), further elucidation of the mechanisms that
generate GHG emissions from estuaries is required. Such understanding could inform policies
to help reduce emissions in anthropogenically impacted estuaries.

Estuaries have long been considered an effective location for the disposal of urban and
industrial waste; resulting in considerable legacy pollution (including metals). Nitrogen and
phosphorus compounds are not typically removed from most wastewater discharges to
estuaries, although this is dependent on legislation. In the EU and UK removal requirements
are related to plant size, the quantity of nutrients and eutrophication risk (EEC, 1991). Where
nitrogen compounds are not removed from wastewater, nitrous oxide production may occur
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when the treated wastewater is discharged to rivers and estuaries. Ammonia is rapidly
oxidised, a process that consumes oxygen and other available electron receptors, which may
promote methanogenesis and the presence of ammonium may further inhibit methane
oxidation (Dunfield and Knowles, 1995 and Bosse et al., 1993) (Fig. 5.1). Additionally,
nitrification processes may deplete oxygen, preventing methane oxidation, and where oxygen
concentrations are low or highly variable, as typical in the estuary environment, denitrification
may be triggered (Marchant et al.,, 2017), even with oxygen present, thereby increasing
nitrous oxide concentrations. Estuaries with high suspended sediment loads may also support
nitrogen processing in the water column (Barnes and Upstill-Goddard, 2011). The effects of
temperature, salinity, ammonium concentration and pH can further affect the nitrification
rate (Isnansetyo, A., et al., 2014) with a salinity optimum between 12-20ppt, suggesting more
nitrogen cycling would occur in an estuary than in either the freshwater or coastal
environments. The estuary, therefore, is perhaps the least suitable environment of the land-
ocean continuum for the discharge of UWW effluent when considering resultant GHG
emissions.

Atmosphere

Nitrogen source o - Oxic water column
4

Anoxic sediments Nitrification Denitrification

Figure 5.1 - Simplified nitrification-denitrification pathways in estuaries.

Nitrification is shown in the aerobic water-column with oxygen from the water column also used in nitrification in
the sediment layer. When insufficient oxygen is present de-nitrification can occur in the anoxic sediment layer.
De-nitrification can also occur in the water column linked to sediments, when oxygen levels are low, such as below
a pycnocline.

5.1.1 Objectives

Investigations of GHG emissions from estuaries and coastal waters have typically been
conducted with the purpose of improving the estimate of GHG emissions from estuaries on a
UK, European or global scale. There has been less emphasis on determining the interplay of
processes that result in these high GHG emissions and our understanding therefore remains
incomplete. As estuaries vary significantly in their physical characteristics and degree of
anthropogenic influence, it can be difficult to determine exact causation mechanisms for this
globally important source. Existing data to our knowledge, have not been used to distinguish
between natural or anthropogenic emissions, nor have opportunities to prevent or reduce
these emissions been identified. This paper synthesises published GHG data from UK
estuaries in conjunction with other public domain data to address the following objectives. To
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determine the: 1) causes of estuarine GHGs, 2) mechanisms that promote high estuarine GHG
concentrations and 3) optimum approach for quantifying estuarine GHGs. It employs a series
of case studies of UK estuaries examining possible causes of high GHGs and their interaction
with different estuary typologies (Fig. 5.2). This results in a conceptual model of GHG
concentrations for different estuary typologies and is followed by an overarching synthesis
section. This synthesis section also considers how estuary GHG concentrations and estuary
typology impact GHG emissions to the atmosphere and whether estuaries are an overall net
carbon sink or source.

Causes of [ Interactions with R
estuarine GHG >| estuarine typology f—=>{ onceptual model T —
Case studies Case studies GHGs in estuaries
WW loading in Stratified —
v estt?:rciitlasg | SIS low Salt wedge estuary| [T tQ u?gtlfyény?g
oxygen levels estuarine 5
|| Impact of nutrients Mixed estuaries - Fully-mixed ] Areas of
on nitrous oxide tidal range estuary uncertainty
Impact of nutrients | | Opportunities to
O pon methane reduce GHGs

Figure 5.2 - Outline of approach in this paper
Methods

A literature search containing the following terms was used to select the papers to be
considered in this review: 'greenhouse gas' OR 'nitrous oxide' OR 'methane' AND 'estuary'.
Only data from measurements made in the UK were applied in the analysis section to limit the
variability in terms of geographic, climatic, nutrient and tidal regimes. Some estuarine GHG
data from other geographic areas are contrasted in the discussion section. Methane and
nitrous oxide concentration values from five studies conducted between 2005 and 2021 (Table
5.1), have been extracted as average values for specific surveys or estuaries (Table 5.2). These
data were compared with other physical parameters from publicly available data associated
with each estuary, including: estuary area and catchment, tidal range, river flow, oxygen
concentration, land cover and the level of urban wastewater entering these estuaries (Table
5.3 and supplementary data Tables 5.A.1 and 5.A.2), together with data on nutrients and
legacy pollution typically using linear regression methods. The thirteen estuary systems
mainly considered in this analysis (Clyde, Clywd, Colne, Conwy, Dart, Deben, Forth, Orwell,
Stour, Tamar, Tay, Tees and Tyne), see Fig. 5.3 for estuary catchment locations, represent
12% of UK estuary systems and 9% and 15% of the UK estuary and catchment areas
respectively (Nedwell et al.,, 2002). While a single survey was available for the Thames
(Middelburg et al., 2002) and three for the Humber (see Table 5.1), these estuaries have not
been included because of their size and complexity. Different studies use different surveying
approaches; comparison between studies is possible but imperfect. The major differences
between studies are in the depth of measurements, either surface or at 1m and the phase of
the tide on which the studies were conducted, either the ebb or the flood (detailed in Table
5.1). Both of these factors should be less significant for a fully mixed estuary compared to a
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salt wedge estuary. Seasonality is also not fully covered in all studies. Consideration of these

results and the variances calculated for each estuary suggest that estuarine variability is more

significant than the small differences in survey approach.
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Figure 5.3 - Map showing estuary catchments of the thirteen estuary systems considered
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Table 5.1 - Summary of published data applied in this review

Study scope GHGs Sample  Sampling durations Sampling approach Sampling Study reference
sampled depth resolution
Tay, Forth, Clyde, CO,, Surface Quarterly, usually Ebb tide starting at 6 sites across a (Pickard et al.,
Tamar, Dart, N,O & Jul 2017, Oct 2017, high water, sampling salinity gradient  2021a)
Conwy & Clywd CH4 Jan 2018, Apr 2018 downstream
Tay CO,, Surface Eight occasions from Ebb tide starting at 10 sites at fixed ~ (Harley et al.,
N0 & Apr 2009 - June 2010  high water, sampling locations 2015)), (Pickard
CH4 downstream etal., 2021b)
Humber, Forth, N,O im Variable between Flood tide starting 7 - 20 sites, due  (Barnes and
Tamar, Tyne, depth Feb 2000 - Oct 2002 after low water, to estuary & Upstill-Goddard,
Tees, and Tay from 1 and 8 surveys sampling upstream local conditions  2011)
Humber, Forth, CHa4 1m Variable between Flood tide starting 7 - 20 sites, due  (Upstill-
Tamar, Tyne, depth Feb 2000 - Oct 2002 after low water, to estuary & Goddard and
Tees, and Tay from 1 and 8 surveys sampling upstream local conditions  Barnes, 2016).
Colne, Stour, N,O Surface Quarterly, Aug 01, Ebb tide starting at 10-16 sites (Dong et al.,
Orwell, Deben, Nov 01, Feb 02, May high water, sampling dependent on 2005)
Humber ,Conwy 02. Conwy - 2002-3 downstream estuary

Notes for studies 1-5:
1.  No data were available for the Clywd in January, and the Dart and Tamar in October. Target salinities were typically 0.2, 2, 5,
10, 15, 25 psu. Surveys covered different physical extent due to the salinity criteria applied. No CO. data was available for the
Tamar and Dart.
2. Survey dates were Apr-09, Jun-09, Jul-09, Sep-09, Feb-10, Apr-10, Jun-10 and Aug-10 (final survey not included in publication.)

w

The number of surveys undertaken for N.O were Tay: 1, Humber: 3, Tees: 3, Forth: 4, Tamar: 4 and Tyne: 8.

4. The number of surveys undertaken for CHa were; Tay: 1, Humber: 2, Tamar: 2 Tees: 3, Forth: 4 and Tyne: 6. (Methane surveys
are a subset of those for nitrous oxide (3) with one additional survey for the Tyne).
5.  The specific dates of the measurements are not provided. The rivers Mawddach and Dovey were measured but data were not
provided for the estuaries, so this has not been included.
6.  Abbreviations: - Greenhouse Gas (GHG), Methane (CHa), Nitrous Oxide (N20), Carbon Dioxide (COz)

Table 5.2 - Summary of average methane and nitrous oxide concentrations measured

Estuary Year Refere No. of Average CH; Average NO Average CH, Average N,O
ncel)  surveys (nM/1) (nM/1) (% sat) (% sat)

Conwy 2017-18 1 4 103.2 13.0 2964 130
Clywd 2017-18 1 3 178.6 13.8 5571 140
Tamar 2017-18 1 4 214.6 17.5 7820 164
Dart 2017-18 1 3 187.1 16.0 6415 165
Tay 2017-18 1 4 53.3 12.0 1475 107
Forth 2017-18 1 4 158.3 344 4138 262
Clyde 2017-18 1 4 1120.6 32.4 31285 251
Tay 2009-10 2 8 48.2 13.9 2698 118
Humber 2000-02 3&4 2-3 55.1 71.42) 1546 396
Forth 2000-02 3&4 4 178.4 20.12 5067 152
Tamar 2000-02 384 2-4 132.9 18.5(2) 3047 145
Tay 2000-02 384 1 24.8 9.9 584 104
Tees 2000-02 384 3 500.1 68.8(2) 16559 383
Tyne 2000-02 384 6-8 910.0 14.02 26348 124
Colne 2001-02 5 4 na 197.3 na 993
Stour 2001-02 5 4 na 249 na 143
Orwell 2001-02 5 4 na 46.3 na 282
Deben 2001-02 5 4 na 32.6 na 187
Humber (Trent 2001-02 5 4 na na

falls - Humber Br) 32.1 187
Humber (Humber 2001-02 5 4 na 8.7 na 149
Br - spurn head)

Conwy 2002-03 5 4 na 18.6 na 114

Notes

1. References see Table 5.1
2.  Estimated from concentration data provided in reference 3
3. Abbreviations: - Methane (CHa), Nitrous Oxide (N20)

27 April 21

101 |

Page



Table 5.3 - Physical characteristics of the estuarine systems

Greenhouse gases from human-impacted rivers and estuaries

Estuary  Estuary Estuary Mean Tidal range UWWT UWWT UWWT UWWT Mixing regime
catchment area® freshwater HAT-LAT®)  Capacity Capacity Capacity Capacity/ Mean
Area (1 (km2) input @ (m) Estuary® River(® Total freshwater
(km2) (m3/s) (pp equ) (pp equ) (pp equ) input (per 1000)
1 Conwy 345 14.9 19.1 9.01 88,731 4,072 92,803 4.86 Macrotidal, well mixed, can stratify on flood and mix on the ebb
2 Clywd 598 1.2 11.2 9.70 88,248 27,037 115,285 10.28 Macrotidal, well mixed
3 Tamar 1338 39.6 22.7 5.91 358,096 46,641 404,737 17.83  Macrotidal, well mixed, low salinity TMZ, stratification occurs on ebb ()
4 Dart 475 8.6 11.3 5.91* 36,084 22,134 58,218 5.16 Macrotidal, stratified neap & low freshwater runoff ()
5 Tay 5669 121.3 201.1 6.31* 98,000 99,975 197,975 0.98 Macrotidal, partially mixed, stratified on ebb, longitudinal fronts(®)
6 Forth 1938 84.0 46.4 6.31 267,700 111,250 378,950 8.17 Macrotidal, well mixed, low salinity TMZ, double high/low waters (9
7 Clyde 3854 549 57.1 3.90 1,159,202 886,846 2,046,048 35.84 Mesotidal, stratified at neap, channel straightened and deepened (10)
8 Humber 19427 303.5 212.3 7.83 - Macrotidal, well mixed, low salinity TMZ(1)
9 Tees 1930 13.3 22.4 5.99 932,367 10,892 943,259 42.13  Macrotidal, partially mixed, stratified at neaps and on ebb tide (12)
10 Tyne 2935 7.9 47.5 5.73 1,003,785 104,748 1,108,533 23.27 Macrotidal, partially mixed, low salinity TMZ (13)
12 Colne 255 23.4 1.1 4.71 144,152 28,675 172,827 161.52 Macrotidal, with extensive mud flat and tidal creaks (14)
13 Stour 578 23.3 3.1 4.71 48,355 55,932 104,287 33.68 Macrotidal with extensive mud flat and tidal creaks (14
14  Orwell - - 1.4 4.71 178,075 11,731 189,806 140.7 Macrotidal with extensive mud flat and tidal creaks (14
15 Deben - - 0.8 4.71 28,630 6,000 34,630 43.78 Macrotidal, (14
Notes:

1. (Nedwell et al., 2002)

2. All flow data were derived from CEH (UKCEH, 2020b) and focus on the main rivers entering at the head of the estuary. The mean flow data represent the specific river mentioned unless stated below:
Clywd is the sum of the Clywd and Elwy, Tay is the sum of the Tay and Earn, Clyde is the sum of the Clyde and the Kelvin, Humber is the sum of the Aire, Trent, Ouse, Don, Wharfe and Derwent, the Tees is
the sum of the Tees and the Leven and the Tyne is the sum of the Tyne and the Derwent.
(BODC, 2020), (*)Due to the location of standard ports the Forth estuary tidal range is applied to the Tay and the Tamar estuary tidal range is applied to the Dart
(European Commission (Directorate General Environment), 2016)

(Robins et al., 2014);

(Thain et al., 2004)
(Silke F.K. Wewetzera, Robert W. Ducka, Anderson, 1999); (McManus, 2005)

3
4
5.
6.  (Uncles and Stephens, 1993)
7
8
9

. (Lindsay et al., 1996)
10. (Scottish Environment Protection Agency, 2020a)

11. (Mitchell et al., 1999), (Mitchell et al., 1998)

12. (Environmental Agency, 1999)

13. (Upstill-Goddard et al., 2000)
14. (Dong et al., 2005)
15. Abbreviations: Highest / Lowest Astronomical Tide (H/ LAT), Urban Wastewater Treatment (UWWT)
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5.3 Case studies considering the effect of urban waste and nutrients on GHG
production

The relationships between UWW and nutrients on both methane and nitrous oxide
concentrations in the estuary environment are considered in the following three case studies:
(i) effects of UWW loading on average GHG concentrations, (ii) causes of high estuarine
nitrous oxide concentrations and (iii) effects of different nutrients on methane concentrations.
Relationships between GHG concentrations and estuary, catchment and land-cover area are
reviewed in supplementary data Table 5.A.2 and Fig. 5.A.1.

5.3.1 Wastewater loading is a primary driver of methane and nitrous oxide emissions

The average methane and nitrous oxide concentrations for nine and thirteen estuaries
respectively appear highly correlated with urban wastewater loading per mean river flow
(Fig.5.4).

River-estuary systems that have higher levels of UWW per unit river flow have both higher
methane and nitrous oxide production on average (Fig. 5.4). The correlation coefficients for
both methane R?= 0.80 (excluding the Clyde) and nitrous oxide R? =0.78 (all data) are
statistically significant despite the large number of factors that could influence methane and
nitrous concentrations including: natural estuarine variability, anthropogenic affects and
survey protocols. Natural estuarine variability would include: stratification, tidal range, tidal
asymmetry, fresh water flushing time, average particle residence time, river flow, the shape
and area of the estuary, area of tidal flats and sedimentation processes. Other significant
anthropogenic affects might include the percentage cover and type of agriculture in the
catchments, industrial waste, water extraction and legacy pollution. The main variation
associated with the survey protocols include the number, seasonal balance and range of
methods used. While on average all estuaries fit the relationship between GHG
concentrations and UWW loading, the methane to nitrous oxide ratio is higher for the Clyde
and Tyne compared to, for example, the Tay, Forth and Humber estuaries (Table 5.2). Here,
estuary morphology may be an influencing factor. The large and exposed Tay, Forth and
Humber systems may allow for more effective oxygenation of the surface waters resulting in
more methane oxidation, in comparison to the physically restricted, narrow estuaries of the
Clyde and Tyne. Morphological variation aside, these data underline the potential importance
of UWW output on both methane and nitrous oxide concentrations in estuarine environments
and undermine the assumption that discharge into estuaries is flushed away without
environmental repercussions.
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Figure 5.4 - UWW loading compared with GHG concentration data

UWW loading (urban wastewater volume (per 1000 people/mean river flow)) is compared with (a)
Average methane concentration (Pickard, 2021 and Barnes and Upstill-Goddard, 2011); (b) Average
nitrous oxide concentration data (Pickard et al., 2021a and Upstill-Goddard and Barnes, 2016); (c)
Average nitrous oxide concentrations as for (b) but including estuaries from SE England (Dong et al.,
2005).

To further investigate the relationship between urban influences and estuarine GHGs,
catchment land cover was considered (Morton et al.,, 2020), (see supplementary data Fig.
5.A.1). These relationships strongly support the inference that high urban populations
increase both estuary methane and nitrous oxide but agriculture primarily impacts nitrous
oxide concentration. The limited data for carbon dioxide (only available for five estuary
systems) has a positive correlation with UWW loading. Bioavailability of anthropogenic
derived organic matter may promote microbial production and degradation, rather than
carbon sequestration (Garcia-martin et al., 2021).
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5.3.2 Nitrous oxide concentrations significantly increased by activation of denitrification

Nitrous oxide emissions from rivers and estuaries have been linked to the dissolved inorganic
nitrogen (DIN) concentration for which agriculture and sewage treatments are considered the
main sources (Dong et al., 2005; Barnes and Upstill-Goddard, 2011). Fig. 5.5 shows the
average nitrous oxide percentage saturation against concentrations of nitrate, nitrite and
ammonium respectively from (Dong et al., 2005; Pickard, 2021). While these plots confirm the
strong correlations between nitrous oxide and particularly nitrite and ammonium, as
previously reported (Dong et al., 2005) and are generally consistent for all authors, there are
exceptions, specifically for the Colne, Forth and Clyde (see ringed points in Fig. 5.5 a, b, c)
which demonstrate higher nitrous oxide concentrations compared to DIN loading. The
relationship between DIN and nitrous oxide percentage saturation for six estuaries also shows
higher nitrous oxide concentrations for the Forth (Barnes and Upstill-Goddard, 2011, Fig. 5.6).
The river data (Dong et al., 2005), show no exceptions, even for the Colne. Additionally, the
relationship between nitrous oxide and ammonium (but not nitrate or nitrite) is different
between the rivers and estuaries. Nitrification, which converts ammonium to nitrous oxide,
requires oxygen, and rivers are typically more oxygenated than estuaries.

The Colne estuary is muddy and hyper-nutrified (Ogilvie et al., 1997) with strong gradients
(increasing up river) of nitrate and ammonium due to inputs from the river and sewage
treatment. Sediments located near the tidal limit were found to be major sites of
denitrification and correlated with high nitrite concentrations (Robinson et al., 1998; Dolfing
et al., 2002). Dissolved oxygen data for the Forth showed a strong negative correlation with
nitrous oxide (Barnes and Upstill-Goddard, 2011), and both the Clyde and Forth are known to
experience low oxygen conditions under some tidal and river flow regimes (Scottish
Environment Protection Agency, 2020a). These are all consistent with a denitrification
mechanism for the higher nitrous oxide in the Colne, Forth and Clyde (Fig. 5.5). Uncoupled
bacterial denitrification supported by nitrate diffusing into the sediment from the overlaying
water column and by the sediment organic carbon content, can exhibit faster rates of nitrate
reduction (Dong et al., 2000) with organic carbon content determining the potential capacity
of denitrification when the nitrate concentration is not limiting with bacterial communities
adapting to high nitrate concentrations. Hence when high levels of oxidised nitrogen and
ammonium are delivered to an estuary this mechanism is likely to result in high nitrous oxide
production. Nitrous oxide concentrations are more significantly impacted by the presence of
ammonium compared to nitrate (Fig. 5.5), suggesting nitrification with exceptions for Colne,
Forth and Clyde. The dynamic often low oxygen environment within these estuaries may
trigger denitrification even with oxygen present (Marchant et al., 2017) and mid-salinity
waters and ammonium concentration can further optimise nitrification rates (Isnansetyo, A.,
et al., 2014). These two observations suggest that more nitrogen cycling can occur in an
estuary than in either fresh or coastal waters. This data underlines the importance of
preventing both excessive inputs of nitrate and ammonium and the occurrence of low oxygen
condition within estuaries.
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Figure 5.5 - Relative relationships between DIN concentrations and N2O saturation,
Specifically (a) nitrate, (b) nitrite, (c) ammonium with data from (Dong et al., 2005; Pickard, 2021). Note ringed
points related to the Colne (ringed purple triangle) , Forth and Clyde are not included in the regression lines.

Methane dynamics driven by ammonium concentrations

Average methane concentration data from seven estuaries (Pickard et al., 2021a) appear
highly correlated with nutrients, particularly nitrite, ammonium, phosphate and (Fig. 5.6 b, c,
d respectively). While causal factors are not clear, the higher correlations with nitrite,
ammonium and phosphate (P<0.001) point towards UWW as a contributor to methane
production in the estuary. Conversely the poor, not statistically significant, correlation with
nitrate concentrations, would not suggest agricultural run-off is significantly affecting estuary
methane production. This is consistent with the land-cover data in supplementary data Table
5.A.2 and Fig. 5.A.1.

catchment compared to UWW giving more time for processing to occur prior to water arriving

Furthermore, inputs from agriculture typically occur higher in the

in the estuary.

Methane concentrations can be influenced by DIN indirectly. Nitrification of ammonium
requires oxygen, and this process may consume sufficient oxygen to reduce methane
oxidation through the water column. Additionally inhibition of methane oxidation by
ammonium can occur in the surface layer of a sediment, allowing more methane evasion
(Bosse et al., 1993; Dunfield and Knowles, 1995). Conversely if denitrification is the prevalent
mechanism of nitrous oxide production, the low oxygen environment that promotes nitrous
oxide production would also reduce methane oxidation, resulting in a secondary correlation.

These potential mechanisms linked to oxygen levels are also consistent with the poor
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correlation with nitrate, which does not require oxygen for further processing.

These

relationships only hold for each estuary survey as a whole, not for each specific measurement

point, suggesting that process timescales are important (Fig. 5.6).
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Figure 5.6 - Relationships between average methane concentration for each estuary
(a) nitrate, (b) nitrite, (c) ammonium and (d) phosphate concentrations with data from (Pickard et al.,
2021a).

Urban waste and nutrients summary

Estuary systems that have higher levels of nutrients from UWW per unit river flow have higher
methane and nitrous oxide concentrations and both methane and nitrous oxide
concentrations are more strongly correlated to nitrite and ammonium concentrations than
nitrate. Analysis on the influence of land-cover (supplementary data Table 5.A.2 and Fig.
5.A.1) strongly support the inference that high urban populations increase both estuary
methane and nitrous oxide but agriculture primarily impacts nitrous oxide concentration.
Significantly higher levels of nitrous oxide and methane occur in estuaries that experience high
urban loading and low oxygen conditions, likely via denitrification and inhibited oxidation
pathways respectively. The natural but highly variable conditions in estuaries related to
changing oxygen levels and mid-salinity values may act to increase nitrogen cycling rates in
estuaries compared to either fresh or coastal waters and suggest that UWW discharge into

estuaries has environmental repercussions related to GHGs.
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5.4 Estuarine processes as drivers of GHG production

To elucidate the impact and interactions of estuarine processes on GHG production it is useful
to consider different types of estuaries, where there is sufficient data for interpretation, as
morphology strongly influences estuarine processes. As such two different estuaries with high
urban loading: (i) the Clyde (Pickard et al., 2021a), which can be stratified and (ii) the Tyne,
(Barnes and Upstill-Goddard, 2011; Upstill-Goddard and Barnes, 2016), which is well mixed
with a distinct turbidity maximum, are considered and contrasted with more pristine systems.
Note that estuary area was found to have no significant correlation with GHG concentrations.

5.4.1 Estuary stratification leading to near bed anoxia driving GHG production

Very high methane and nitrous oxide concentrations have been observed in the Clyde estuary
(Pickard et al., 2021a). This may in part be attributed to the frequent occurrence of near-bed
anoxia, as evident in continuously monitored surface and near-bed oxygen data in the upper
estuary by Inner Clyde Estuary (ICE) monitoring buoy (Scottish Environment Protection
Agency, 2020). Anoxic events are most common when neap tides and low river flows align.
The inner Clyde estuary, which is long and narrow, has been anthropogenically constrained
with near vertical walls along much of its length and obstacles such as sandbanks removed by
dredging. These factors together with the lower tidal range (Table 5.3) reduce turbulence and
consequently mixing, in contrast with most UK inner estuaries. When low river flows coincide
with neap tides the reduced energy conditions result in a strong pycnocline and low oxygen
concentrations particularly associated with the lower portion of the water column. These low
oxygen concentrations enhance conditions for GHG production.

Four surveys covering different river flows and tidal ranges, average methane and nitrous
oxide concentrations within the Clyde estuary showed considerable temporal variability
(Pickard, 2021; Table 5.4). Potential key drivers of this variability include tidal range, river flow,
surface and bed salinity, temperature and oxygen levels. While there is insufficient data in
four surveys for the mechanisms impacting GHG concentrations to be fully understood, the
rank orders for methane and nitrous oxide concentrations are similar suggesting that the
estuarine conditions influence both methane and nitrous oxide concentrations. This would
suggest reduced methane oxidation and denitrification processing of DIN possibly occurring
concurrently under low oxygen conditions. The lowest methane and nitrous oxide
concentrations were associated with high river flow and spring tide conditions (January 2018)
and associated with a mixed, highly oxygenated estuary and diluted nutrients. The higher
methane and nitrous oxide concentrations were recorded when sampling took place during a
neap tide that coincided with relatively low river flows, which had resulted in a highly
stratified estuary and low oxygen conditions near the bed.
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Table 5.4 - Clyde Estuary GHG concentrations associated with tidal, river, salinity and oxygen

conditions
River flow Percent of Tidal Water Surface / Surface / Survey average Survey
Daldowie/? mean flow (%) range(® Temperature Bed Bed (4 N,0 averagel® CH,
(m3/s) (m) Deg C 4 Salinity(® Oxygen(®) (nM) (nM)
(Psu) (mg/1)
July-17 22.6 47 2.53 15.3 2.0/15.0 8/ 1 31 1114
Nov-17 53.1 110 2.14 12.1 0.5/20.0 11/ 6 51 1460
Jan-18 139.0 287 3.49 5.4 0.1/ 0.1 12 /12 14 445
Apr-18 20.7 43 3.33 11.8 2.0/ 6.0 8/5 30 1263
Note:

(1) (Scottish Environment Protection Agency, 2020a), (2) (NRFA, 2010), (3) (BODC, 2020), (4) (Pickard et al., 2021a)

The Clyde has a high urban loading with UWW treatment plants adding significant volumes of
wastewater discharging both directly into the estuary and at 3.5km and 13.3km upstream of
the estuary’s upper saline extent, without prior nitrate or phosphate removal at the time of
this survey (European Commission (Directorate General Environment), 2016). The highest
methane and nitrous oxide concentrations correspond to the proximity of the largest
estuarine UWW discharge, amplified by its addition to an area often stratified with a
pronounced anoxic layer.

The data from the upper Clyde as measured by ICE monitoring buoy also shows that in recent
years (2016 to 2019) the May to July period had higher salinity intrusion and lower dissolved
oxygen data (Scottish Environment Protection Agency, 2020a). This appears linked to
sustained low river flows during this period (UKCEH, 2020b), which would act to increase the
saline intrusion and reduce estuary flushing, resulting in longer particle residence times. This
together with the physically restricted estuary morphology would further limit the re-
oxygenation of incoming saline water between tides. While these low oxygen levels during
prolonged low river flow events would also be expected to result in higher GHG
concentrations, the low river flow would result in an upward shift in salinity for all locations,
effectively shifting the location of the estuarine water upstream impacting the effective
estuary area and would need to be accounted for.

Association of near bed anoxia with weak tidal mixing and low river flow can be observed in
other estuaries. Flow and stratification data across the Dart estuary showed that two layer
flow occurs at neap tides during low water flow (Thain et al., 2004). Methane and nitrous
oxide concentration data from the same estuary were collected across a range of river flows.
Methane concentrations were an order of magnitude higher when sampling occurred at low
river flow (34% of the mean flow), although all measurements occurred during neap tides
(Pickard et al., 2021a); Table 5.5).

Table 5.5 - Tide and river condition associated with measurements occasions - Dart estuary

River flow Austins Percent of mean Tidal range @ Survey average Survey average CH,
Bridge(? flow (%) (m) N,0@ @
(m3/s) (nM) (nM)
July-17 3.87 34 3.45 21 442
Oct-17 14.37 127 3.46 - -
Jan-18 53.64 475 3.54 11 54
Apr-18 25.85 229 3.71 15 41

Note:
(2) (NRFA, 2010), (3) (BODC, 2020), (4) (Pickard et al., 2021a)
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While fully equivalent oxygen and nutrient data for the estuaries are not available, the urban
loading of the Dart is one eighth of the Clyde (Table 5.3). The best estimate of surface oxygen
levels for the Dart (Environment Agency, 2020) and the Clyde (Scottish Environment
Protection Agency, 2020a) shows that the Clyde has an average surface oxygen level of 82%,
and the Dart 97% (Table 5.A.1). This ranking of both oxygen levels and UWW loading is
aligned with the methane and nitrous oxide data available. The extent and frequency of
stratification and near bed anoxia is not known for the Dart.

Stratified estuaries experiencing low river flows in summer, when oxygen levels may already
be low are even more susceptible to high methane concentrations. Higher methane
concentrations were observed in four estuaries measured in July (Pickard et al., 2021a); the
Clwyd, Tamar, Dart and Conwy, which had river flows between 21% and 40% of the mean flow
on the measurement dates (NRFA, 2010) although no oxygen data were available. Overall,
this suggests that both tide and river flow interact with urban loading to influence methane
concentrations in particular, and that surface oxygen levels may provide an initial indication of
likely methane concentrations.

5.4.2 Tidal range impacting sediment oxygen demand driving methane production

The Tyne (together with the Humber, Forth and Tamar) is noted to have flood tide asymmetry,
(Barnes and Upstill-Goddard, 2011), which forces marine sediments upstream, when river
discharge is slow, resulting in a well-defined Estuary Turbidity Maximum (ETM). High
suspended sediments associated with low oxygen levels have been measured on the tidal
rivers Trent and Ouse (Mitchell et al., 1999) and attributed to the high sediment oxygen
demand (SOD) of the suspended sediment particles. Organic material and metals (for
example from industrial legacy waste) can adsorb onto the surface of sediments and lead to
increased biochemical oxygen demand (BOD) (Mitchell et al., 1998). Sediments that are re-
suspended from anoxic or anaerobic layers in the bed and moved to aerobic locations by river
flow or tidal flow can use more oxygen than expected because they are newly exposed to
aerobic organisms and contain chemicals or metal ions in a reduced state.

Across six surveys covering different river flows and tidal ranges in the Tyne estuary, average
methane concentrations showed considerable temporal variability (Upstill-Goddard and
Barnes, 2016). Whilst similar methane concentrations occur across a range of river flows from
35% to 235% of the mean flow (NRFA, 2010), there is a strong correlation (R*=82%, P< 0.02)
between methane concentrations and tidal range (using data from the standard port at
Whitby at the mouth of the Tyne) (BODC, 2020), see Fig. 5.7. The higher tidal ranges have the
potential to increase mixing and re-suspension of sediment, which could reduce oxygen
concentrations. However, when high river flow occurs simultaneously with high tidal range,
the extent of the tidal intrusion will be reduced, likely causing reduced methane production
within the estuary area.
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Figure 5.7 - Tyne estuary average relationships between methane concentration and tidal range
Plot uses data derived from (Upstill-Goddard and Barnes, 2016).

Other fully-mixed estuaries also show an increase in methane associated with high tidal range,
but the limited number of survey occasions and confounding between potential driving
variables means that methane is also correlated with low river flow and high temperature,
both of which would reduce oxygen levels. These three possible causes are too strongly
correlated to enable firm conclusions, and all may contribute to elevated methane
concentrations to some degree.

5.4.3 Estuarine processes summary

5.5

The Clyde and Dart estuaries provide examples of stratified systems with weak tidal mixing,
frequently experiencing near bed anoxia, which is associated with high methane and nitrous
oxide concentrations, particularly during neap tides and low river flows. Conversely, the Tyne
estuary which is typically fully-mixed shows a strong correlation between methane
concentrations and tidal range, which we consider to be linked to suspended sediments
removing oxygen from the water column. The Tyne has considerable legacy pollution (Hall et
al., 1996; Lewis, 1990) and hence high SOD may be associated with this condition. These
interpretations, while interesting, are based on limited samples from what are highly variable
systems and are unlikely to fully characterise the GHG variability and associated mechanisms
and should be treated with caution. Additionally, there is insufficient data overall to
determine the impact of temperature on nitrous oxide and methane concentrations, which
would be expected to be significant. These relationships once established may vary between
environments and further improve predictive power.

Conceptual model for methane and nitrous oxide within the estuary
environment

Whilst spatial-temporal variability in estuarine systems is high, evidence collated here
indicates the potential for robust conceptual understanding of GHG production pathways in
estuaries. Summarising the key processes that have been presented in UK estuary case
studies, a conceptual model for methane and nitrous oxide concentrations within the
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estuarine environment has been developed. This model aims to capture, as far as possible,
the high variability between and within estuarine environments, influenced by the catchment,
estuarine shape and dimensions, tidal regime and river flow, together with anthropogenic
perturbations. To illustrate this model, four diagrammatic examples are provided relating to
the two extremes of estuarine mixing; a salt-wedge estuary with significant stratification (Fig.
5.8) and a fully-mixed estuary (Fig. 5.9), both shown at high tide. The model also incorporates
a prediction of how a low nutrient estuary (panel A) is influenced by the introduction of UWW
(panel B) and how this change will interact with estuarine processes to increase both the
methane and nitrous oxide emissions. Anthropogenic susceptibility can vary in different
estuaries or due to different conditions within a particular estuary; for example, variation
from spring to neap tides, changes in river flow and changes in temperature, can cause an
estuary to change its level of stratification, oxygenation or the amount of suspended
sediment. Additionally, flood or ebb tide dominance varies between estuaries with some
systems becoming stratified only on the ebb and others only on the flood tide. These physical
differences, which occur over varying temporal scales, will impact the interactions with UWW
and can, in part, be inferred from our simplified model.

A high level of legacy pollution assimilated into the estuary sediments could further remove
oxygen from the lower layer if sediments are disturbed, increasing anoxia and reducing
methane oxidation. Conversely high river levels may more rapidly replenish oxygen to the
upper layer, reducing the impact of UWW. As a result higher methane concentrations would
be expected to increase as oxygen becomes depleted towards high tide and reach a maximum
at the extent of the saline intrusion. Methane concentrations would be expected to reduce
on the ebb tide as surface waters are replaced by oxygenated riverine waters and nutrient are
no longer trapped in the estuary. The longitudinal profile of methane may peak where there
is lowest oxygen levels while that of nitrous oxide may peak associated with mid salinity, DIN
concentration and low oxygen. The location of these peaks will also be influenced by the river
flow and associated with urban inflows which are then diluted seawards on the ebb. Any
artificial barrages or weirs (more often found in stratified estuaries as they can remove tidal
energy) may be associated with sediment or debris deposition which may act as a carbon
source and hence be related to higher GHG production. Periods of drought will likely increase
the extent of the saline intrusion and the estuary flushing times, which would change the
location of the maximum GHGs and increase nitrous oxide concentrations. The lower estuary
turbulence and the typically reduced concentration of GHGs at the surface may act to reduce
emissions to atmosphere, although when mixing or overturning of the bottom layer occurs
this could cause a dynamic release.

Where there are high levels of legacy pollution, sediment re-suspension in the turbidity
maximum leads to high SOD, reducing oxygen levels and increasing methane concentrations
and evasion significantly. Higher tides would be expected to suspend more sediment, further
reducing oxygen and increasing methane production. Changes in river flows may serve only to
move the location of the methane and nitrous oxide production, which on high rivers flow
would cause an overall reduction GHG production in the estuary area as water is pushed
seaward. In a mixed estuary (with no stratification on the ebb) methane and nitrous oxide
production are expected to be similar on the flood and ebb tide. Where stratification does
occur on the ebb the lower portion of the estuary stagnates, depleting oxygen and thereby
producing more methane when compared to the flood tide. If sediment suspension occurs at
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low tide, this could cause a rapid drop in oxygen and be associated with increased nitrous
oxide concentrations due to high DIN concentrations and denitrification. The longitudinal
profiles of methane and nitrous oxide may exhibit peaks associated with the low salinity
turbidity maximum, areas where sediment is routinely deposited and UWW inflows. Nitrous
oxide concentrations may be higher in the mid salinity range of the estuary diluting seawards.
The higher estuary turbulence and continual mixing of GHGs to the surface will act to increase
emissions to atmosphere.
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Figure 5.8 - Longitudinal and cross-sectional profiles of a highly stratified salt-wedge

Panel A: - Longitudinal and cross-sectional profiles of a highly stratified salt-wedge estuary at high tide, with the higher salinity water flowing shore-wards underneath the out-flowing
river water. The upper layer, from the river, would typically be oxygenated, but the lower layer would become lower in oxygen with no means of replenishment, as the oxygen is depleted
with distance from the sea and time from low tide. The degree of stratification will change during the tidal cycle and with river and tidal conditions, but when the estuary is highly
stratified, this will reduce diffusion of GHGs from the lower to upper layer trapping GHGs under the pycnocline. Methane generation in the bed is generally associated with the low
salinity area of the estuary, significantly reducing when the water becomes highly saline. Oxic methane may be generated in the upper fresh water layer. Most methane (CH,4) oxidation
would occur in the upper layer resulting in methane concentrations that are linked both to the water layer of generation and inversely related to the vertical oxygen profile. The specific
relationship and location of the methane maximum is expected to change with river flow, tidal range and state of the tide, with surface methane concentration reducing on the ebb as
more river water becomes available. Some dissolved inorganic nitrogen (DIN) may enter the estuary from the river, with DIN loading changing with river flow. Nitrous oxide (N2O)
concentration would be relatively low peaking at mid-salinity, compared to the methane peaking at low salinity, both reducing seawards due to dilution with sea water. Panel B: -

114 |Page



Greenhouse gases from human-impacted rivers and estuaries

Longitudinal and cross-sectional profiles of a salt-wedge estuary at high tide including the introduction of urban wastewater concentrated in the low salinity upper layer. Introduction of
UWW will result in additional nutrients trapped in the upper layer, causing oxygen depletion thereby inhibiting methane oxidation, resulting in higher methane concentrations and
additional methane evasion. Ammonium derived from urban wastewater may significantly increase nitrous oxide production, near the source and in the mid salinity range. Most DIN
will be trapped in the more oxygenated upper layer making nitrification, driven by DIN concentration, the main N,O producing mechanism in this layer. N,O production in the lower
layer will be driven by denitrification, with the N,O concentration increasing with lower oxygen levels further supported in estuaries that have long flushing times allowing DIN to mix or
diffuse downwards. Oxygen depletion can result in a switch from nitrification to denitrification even in the surface layer.
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Figure 5.9 - Longitudinal and cross-sectional profiles of a fully-mixed estuary

Panel A: Longitudinal and cross-sectional profiles of a fully-mixed estuary, with salinity and oxygen levels mixed vertically throughout the water column. Estuaries with
high tidal mixing typically experience tidal asymmetry and the transport of fine marine sediments into the upper estuary resulting in a turbidity maximum at low
salinity. These sediments are moved up the estuary on the flood and down the estuary of the ebb tide and can trap organic matter at the bed. Methane (CH4) is mixed
and oxidised throughout the water column resulting in little methane evasion in the unpolluted scenario. Any dissolved inorganic nitrogen (DIN) will likely be converted
by the nitrification route due to the mixing and higher oxygen levels. Panel B: - Longitudinal and cross-sectional profiles of a fully-mixed estuary, including the
introduction of urban wastewater which is distributed throughout the water column due to mixing. - Introduction of urban wastewater (UWW) which will be mixed
throughout the water column, will result in an interaction between the DIN and suspended sediments, allowing for both processing of nitrogen in the bed and water
column, leading to higher nitrous oxide (N20) production. Where the UWW is sufficient to deplete oxygen levels through the water column dentification could occur.
This can further act to increase methane if resulting in reduced oxygen levels and subsequent methane oxidation inhibition.
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5.6 Discussion and Conclusions

There is convincing evidence from UK estuaries that excesses of nutrients from UWW result in
both higher methane and nitrous oxide concentrations and these concentrations link directly
to UWW loading per unit river flow. This is supported by estuaries with higher urban land
cover having higher methane and nitrous oxide concentrations. Furthermore, methane and
nitrous oxide concentrations are more strongly correlated to nitrite and ammonium than
nitrate. Where estuaries experience very low oxygen conditions, higher concentrations of
both nitrous oxide, most likely generated via denitrification, and methane, in part due to
reduced methane oxidation, can be detected. As enhanced nitrogen processing is favourably
associated with mid-salinity conditions (Isnansetyo, A., et al., 2014) and methane oxidation
may be inhibited either directly or indirectly by higher ammonium concentrations, this makes
the estuarine environment an unfortunate location for UWW disposal with respect to GHG
emissions. Similarly nitrogen enrichment has been found associated with increased methane
and nitrous oxide emissions from tidal flats (Hamilton et al., 2020) and higher methane
emissions are now being associated with urban or anthropogenically influenced inland waters
(Wang et al., 2021; Hao et al., 2021).

Estuary physio-chemical properties strongly influence methane and nitrous oxide
concentrations. Stratified estuaries can experience significant oxygen depletion in the deeper
more saline layer, with any legacy waste and associated oxygen sediment demand potentially
exacerbating this effect. Additionally, inputs of UWW into a stratified estuary can result in
further oxygen depletion in the upper layer due to nitrification of ammonium. Stratified
estuaries experiencing low river flow, particularly in summer, when oxygen levels may already
be low are even more susceptible to the impacts of UWW, as lower river flows will increase
flushing times. Fully mixed estuaries, characterised by a low salinity and high turbidity
maximum, can produce high levels of GHGs. The re-suspension of sediments can encourage
high SOD (Mitchell et al., 1998), preventing oxidation of methane in the water column. This
increase in methane concentration can be linked to tidal range and also possibly to urban or
legacy waste.

The conceptual model presented in this paper hypothesises that higher concentrations of both
methane and nitrous oxide occurs due to interactions between natural estuarine processes
and anthropogenic factors. Low estuarine oxygen levels appear to be significant in causing
high methane concentrations within the estuary environment and probably linked to
increased methane production and reduced methane oxidation in the surface sediments and
water column. Estuarine processes can cause low oxygen levels where they prevent oxygen
from being brought to the estuary, for example during low river flows and at high
temperatures. Additionally, oxygen may not be replenished in the water column, for example
when the estuary is stratified or particle residence times increased. Sediments re-suspension
can result in BOD, when oxygen is consumed by mineralization of the degradable organic
components in fine sediments. Oxygen can be further depleted by the interaction with
anthropogenic factors; for example: the introduction of nutrients from UWW and where
legacy pollution is contained in the sediment resulting in high SOD.
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Use of this conceptual model enables us to predict that some stratified estuaries may
experience elevated methane concentrations at high tide, upstream at the low salinity section
of the estuary. It also suggests that fully mixed estuaries with significant SOD would
experience elevated methane concentrations during sediment suspension events, which are
most often associated with high tidal range. However, these events can also occur at low tide
and if sediments are re-suspended in shallow water over estuarine mud, low oxygen and high
GHG concentrations may result. The rate of nitrous oxide generation from nitrification is
variable, dependent on the availability of electron acceptors and donors (Wrage et al., 2001),
the salinity level (with optimum nitrification in the mid salinity range) and temperature (with
increased production typical at higher temperatures). Where oxygen concentrations are low
or variable, as is often the case in estuarine environments, denitrification may be triggered.
This can further significantly increase nitrous oxide concentrations. Estuaries with high
suspended sediment concentrations may also support nitrogen processing in the water
column as well as at the bed, associated with, for example, a turbidity maximum.

The conceptual model presented here summarises the processes evident in several UK
estuaries, but if relationships can be generated for different estuaries and related to both
natural processes and anthropogenic perturbations then it may theoretically be applied
elsewhere. A study in Chesapeake Bay, the largest estuary in the United States which is
eutrophic with near bed hypoxia, also found that methane was associated with low oxygen
conditions. Interestingly in this study methane built up under the thermocline and could be
released by storm events that induced mixing and overturning (Gelesh et al., 2016). While our
conceptual model considers only tidal stratification which lasts in the order of hours, this
thermal stratification may last weeks and act to reduce methane diffusion to the surface. The
only estuary in this study deep enough to form a thermocline in calm summer weather is the
Forth estuary (Black Culm Ltd, 2018). Methane concentrations in the deeper, higher salinity
part of the Forth (Upstill-Goddard and Barnes, 2016) were lower in summer, as such it is
possible the formation of a thermocline may impact the surface methane signature and
methane evasion estimates. GHGs evasion linked to large river plumes may also be
dependent on offshore mixing, with higher GHG concentrations found in calm weather.
Methane concentrations were measured in nine tidal estuaries in NW Europe including well-
mixed, turbid estuaries with long particle residence times (Elbe, Ems, Thames, Scheldt, Loire,
Gironde, and Sado) and salt-wedge estuaries with short particle residence times (Rhine and
Douro) (Middelburg et al., 2002). While it is not clear how measurements were made relative
to the phase of the tide or river flow, it is interesting that the stratified Rhine experienced high
and highly variable methane concentrations as would be predicted by the conceptual model
dependent on river flow and tidal range and phase. Conversely in well mixed estuaries
methane was often highest at the low salinity end consistent with the turbidity maximum
being important in methane production (Burgos et al., 2015).

While a single survey was available for the Thames (Middelburg et al., 2002) and some data
for the Humber (see Table 5.1), these large complex estuaries with several contributing rivers
and many UWW entry points were not included in the analysis and did not fit the model as
well as the simpler estuaries. It is suggested that the large number of tributaries, distance
between where tributaries enter the estuary and the large number of UWW treatment plants
and the distance of these plants from the estuary make the results difficult to interpret. For
example, the outflow from 335 and 200 UWW treatment plants eventually enter the Humber
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and Thames estuaries respectively, some from over 200km. It is likely that where UWW
enters a river far from the estuary, that most nitrogen processing is completed within the
typically well oxygenated riverine section reducing its influence within the estuary.
Additionally, wide more exposed estuaries are likely to be mixed by wind helping oxygenation
and increasing evasion, a process not explicit in this model.

5.6.1 Are estuaries a net carbon source or sink?

The flux of GHGs between estuaries and the atmosphere has been estimated by those authors
considered herein. This flux is dependent on the dissolved gas concentrations (under
consideration in this paper) and the gas transfer velocity (k), which is in turn dependent on in-
water turbulence and wind speed (Wanninkhof, 1992 and Clark et al., 1995). In estuaries the
estimation of the gas transfer velocity associated with turbulence is complex, as turbulence is
the result of tidal velocity and river flow interacting with friction from the bed bathymetry.
As such salt-wedge estuaries, with lower turbulence compared to mixed estuaries may have a
lower value of k. Wind speed, found to have the major impact on k (Clark et al., 1995), not
only impacts diffusion at the interface but also wind induced waves which increase mixing.
Estuaries that are wide and align with the prevailing wind direction and in topographies that
increase wind exposure, are likely to evade a higher proportion of their GHGs to the
atmosphere. Thus, k-values from a narrow, dredged, salt-wedge estuary may be less than
from a fully-mixed, wide and exposed estuary, especially as GHGs in the lower layer will be
less accessible. However, when the stratification is overturned or the stratified water
becomes mixed, this may result in dynamic release of trapped GHGs to atmosphere. This
process would be difficult to observe requiring detailed temporal monitoring, and emissions
may be underestimated if only surface concentrations have been measured.

In addition to the direct atmospheric emissions, it is also important to understand whether
estuaries are an overall carbon sink or source. The term ‘Blue Carbon’ is used to highlight the
importance of the carbon sequestration capacity of coastal vegetated ecosystems (Santos et
al.,, 2021). While there is currently insufficient data to understand the link between carbon
sequestration and GHG concentrations, it has been hypothesised that discharges of high-
nutrient but relatively low-carbon water generated by wastewater treatment can enhance
carbon uptake from the atmosphere by affecting biogeochemical cycles in these system
(Kuwae et al., 2016). While this is yet to be tested, this estimate focuses primarily on carbon
dioxide and not nitrous oxide or methane. In contrast arable and (sub)urban estuaries were
found to export, on average, 50% more dissolved organic carbon to coastal areas than they
receive from rivers due to net anthropogenic derived organic matter inputs within the estuary,
with the bioavailability of this dissolved organic matter promoting microbial production and
degradation (Garcia-martin et al., 2021). While beyond the scope of this paper, understanding
where estuaries could act as carbon sinks and how this is impacted by anthropogenic inputs
(in terms of micro-biome communities and bioavailability of nutrients) and activities (e.g.
dredging) would be a beneficial area of study. The highly variable estuarine environments are
likely to respond differently to enabling carbon sequestration both in terms of anthropogenic
influences and estuarine processes.
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5.6.2 The impact of survey design and areas of uncertainty

Where estuarine surveys are designed to produce an estimate of GHG concentrations it is
important to consider the best approach to capture spatio-temporal variability. Based on data
reviewed here we recommend the following approach for future studies:

a) use of fixed point transects with each point aligned to a particular area within the estuary
and measurements taken upstream to the limit of the maximum saline intrusion.

b) sufficient sampling undertaken to account for tidal range, stage of the tide, river flow and
river flow history (for example periods of drought).

c) sufficient sampling undertaken to account for temperature ranges and seasonality,
including the interaction of temperature and river flow.

d) measurements to quantify the influence of any nutrient and pollution point sources
within the estuary and to account for the different mechanisms of GHG production, for
examples linked to: stratification, high turbidity and SOD, tidal flats, variation in salinity,
legacy pollution and UWW.

e) measurements of oxygen, turbidity and nutrients in addition to GHG concentrations.
f)  measurements to quantify GHGs in both layers where stratification occurs.

Further measurements designed to quantify the specific impact of stratification, tide,
temperature and river flow on GHG concentrations and emissions could help remove
uncertainties in the conceptual models and further the objective of this paper in helping to
identify and remediate estuaries that have high GHG concentrations, globally.

It can be difficult to distinguish between different anthropogenic factors, because areas which
were the centres of past industrial activity still have high urban populations. Population
density has been found to be significantly related to enrichment of sedimentary metals (Birch
et al., 2015). As referred to previously, high levels of legacy pollution, particularly metals, may
play a role in GHG emissions. Impairments to water quality can result in the creation of
toxicologically stressful environments that may affect the microbiome community structure
(Rodgers et al., 2020). This can have an impact on GHGs; for example methanogens use
metals such as nickel within coenzymes (Lyu et al., 2018). At least four of the estuaries
considered here have high legacy pollution, particularly heavy metals, including the Clyde
(Rodgers et al., 2020; Balls et al., 1997), Forth (Lindsay et al., 1998), Tees and Tyne (Hall et al.,
1996; Lewis, 1990). The Clyde and Tyne produce more methane than might be expected
compared to the Tees and Forth. While this may be related to the Clyde and Tyne being
physically restricted, narrow estuaries, it should be noted that the Clyde and Tyne estuaries
are regularly dredged, while the upper Forth estuary has never been dredged and the Tees is
only occasionally dredged (Marine Scotland, 2021; The Crown Estate, 2021). Dredging and
straightening are likely to reduce bed friction and, hence mixing. Dredging can re-suspend
buried sediments associated with legacy heavy-metal pollution making it more available and
leading to further anthropogenic interactions. A further uncertainty is the impact of
temperature, salinity and nutrient levels on microbiome community structure and hence the
balance between methane production and oxidation.

Expected changes in climate will also impact the estuary environment (Robins et al., 2016).
This may act to further increase estuary GHG concentrations via a number of mechanisms.
Increasing temperatures will reduce oxygen concentrations and increase nitrogen processing
rates. Rising sea levels may increase sediment re-suspension and the extent of the saline
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intrusion, which could increase access to legacy waste. Changing rainfall patterns may
increase the prevalence of drought conditions resulting in lower river flows and consequently
lower oxygen and higher nutrient concentrations and reduced estuary flushing. Conversely
more extreme rainfall events may lead to flooding which could result in flooding of land
affected by legacy waste and nitrogen-rich agricultural land. All of these changes may act to
further increase the susceptibility of estuaries to anthropogenic influences increasing GHG
production.

5.6.3 Opportunities to reduce estuarine GHG emissions

Given that the estuary environment is a potentially significant source of GHG emissions,
opportunities to manage and reduce emissions should be considered. Fundamental to the
reduction of both nitrous oxide and methane emissions from estuaries is the lowering of DIN
levels and removal of low oxygen conditions. Relating to the former, addition of nitrogen and
phosphate removal technologies to existing UWW treatment systems outputting to estuaries
should be considered. While estuary oxygenation has been trialled in a eutrophic estuary
((Larsen et al., 2019a) and some reservoirs (Gerling et al., 2014) its impact on the biome
community and GHG production is unknown. This type of technology could be beneficial if
powered by renewable technology. Our conceptual model may be applied to identify priority
estuaries for this intervention. Additionally, an improved understanding of processes
associated with GHG generation could, in the interim, support the adoption of changed
management practices, for example ensuring that outflows of UWW are not timed with
conditions which may exacerbate estuarine GHG production. Applying our model to the Clyde
estuary, we would expect the estuary to be well oxygenated (and hence have lower surface
methane concentrations) during high river flows and during ebb tides. Hence, managing
UWW outflow to avoid low oxygen conditions and timing outflows on the ebb tide rather than
the flood tide could help reduce oxygen stress and methane and nitrous oxide emissions.

The annual nutrient loads to estuaries in the UK are comparatively small compared to
reported figures for European and North African estuaries (Nedwell et al., 2002). As such,
there may be even greater potential for excess GHG emissions, and reduction thereof, from
estuaries at the global scale. With twenty two of the thirty two largest cities in the world are
located on estuaries (NOAA, 2020), anthropogenically impacted estuaries may be hidden
sources of GHG globally. The conceptual model could be applied to other estuaries globally, by
considering both natural processes and anthropogenic perturbations. Furthermore, with
relatively little extra data, for example nutrients and oxygen (parameters that are often
routinely measured) and an understanding of estuary dynamics (tide and river flow), this
conceptual model could underpin both effective modelling of estuary GHG production and
also provide a route for simpler monitoring of future improvements.

5.6.4 Considerations for policy makers:

Estuaries are highly valuable as they are critical natural habitats and provide a wide range of
ecosystem services. However they experience a wide range of anthropogenic stressors
(Kennish, 2005). Estuaries have long been considered an effective location for the disposal of
urban and industrial waste, because of their proximity to that waste generation and their
perceived ability to flush this waste to the sea with its high dilution capability. However,
evidence shows that estuaries (both inner and outer) by their very nature: brackish water, low
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oxygen, stratification and high sediments loads, can become significant GHG sources,
particularly when high levels of urban waste enter the estuary. Additionally seasonal changes
in river flow, tide and temperature can further exacerbate this GHG generation.

As such criteria linked to GHG generation (not just eutrophication risk) should be included in
legislation to further constrain wastewater disposal. The mechanistic understanding of GHG
generation in the estuarine environment and the associated conceptual model presented in
this paper can be applied to help in the identification of estuaries which may act as significant
GHG sources and also estuaries where interventions and reduction of anthropogenic influence
could significantly reduce these emissions.  Further research globally into estuary
environments as a GHG source, together with research into mechanisms and the effectiveness
of mitigations is still required.

Declaration of interests

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Acknowledgments

The authors would like to thank the authors of the papers and data sets used in this review
and the two anonymous reviewers whose comments have helped improve the quality of this

paper.
This works was funded by a Natural Environment Research Council (NERC) studentship
through the IAPETUS Doctoral Training Partnership. AP’s input was funded by the Natural

Environment Research Council as part of the LOCATE project. CEH Grant No.: NEC05686, NOC
Grant No.: NE/N018087/1.

122 |Page



Greenhouse gases from human-impacted rivers and estuaries

5.7 Supplementary data

Table 5.A.1 - Average dissolved oxygen (DO) saturation data for several estuaries of interest

Location Location Period DO sat %o range DO sat %
Average

Clyde Inner estuary (1m surf) 55°52'04.0"N, 4°19'02.8"W Jan-17 - Sep19 1.5-219% 82%
Clyde Inner estuary (1m bed) 55°52'04.0"N, 4°19'02.8"W Jan-17 - Sep19 0.0-100% 67%
Clyde Dunoon (surf) 55°56'33.6"N, 4°55'08.5"W Jan-17 - Dec 19 3.1-209% 99%
Forth South Alloa (surf) 56°06'10.3"N, 3°48'35.5"W Jan-17 - Dec 19 0.4-100% 78%
Forth Gunnet Edge (surf) 56°01'41.1"N, 3°10'35.4"W Jan-17 - Dec 19 81-128% 96%
Tamar EA - Shellfish 50.428024, -4.200493 Jan-16 - Mar-19 75-127% 92%
Tamar Westonmill 50.392132, -4.196016 Oct-12 - Jan-20 79-128% 94%
Tamar Devonport 50.385048, -4.190062 Jul-14 - Mar-19 78-130% 95%
Tyne Jarrow 54.987489, -1.485819 Jul-12 - Jan-20 63- 96% 84%
Tyne Whitehall 54.987353, -1.454566 Oct-12 - Mar-20 69-108% 90%
Tees Billingham Reach 54.575636, -1.260516 Oct-11- Nov-19 56-137% 87%
Tees Transported Bridge 54.584429,-1.229411 Jul-12 - Feb-20 58-135% 86%
Tees Teesport 54.605532, -1.159347 Jul-12- Feb-20 70-120% 91%
Dart Totnes 50.419799, -3.669391 Oct-08 — Nov 18 55-123% 94%
Dart White Rock 50.397312, -3.629598 Jun-17 to Jan-20 81-130% 98%
Dart Buoy No 8 50.357851, -3.575835 Jun-17 to Jan-20 88-112% 98%
Humber  Whitgif sands 53.696654, -0.775779 Jun-10 to Oct-18 62-96% 80%
Humber Flaxfleet 53.703104, -0.692122 Jun-10 to Oct-18 67-88% 79%
Humber  South Ferriby Cliffs 53.686943, -0.49393 Jun-10 to Sep-17 75-93% 82%
Humber  East Clough 53.710544, -0.521769 Sep-11 to Oct-18 67-97% 81%
Humber  Salt End Jetty 53.727559, -0.248249 Sep-10 to Oct-19 58-154% 91%
Humber Humber at Spurn 53.578975, 0.11181 Jun-10 to Oct-18 83-100% 95%

Notes

1. Both the Clyde and Forth estuaries have SEPA monitoring buoys installed measuring water temperature, dissolved
oxygen, turbidity, salinity and pH. The buoys were installed because these estuaries are known to experience low
oxygen conditions and allow an interesting and detailed case study. Analysis of data from the monitoring buoys
(Scottish Environment Protection Agency, 2020a) has enabled an understanding of how different river flows and
stages of the tide can impact oxygen levels within the estuaries.

2. The Tamar, Tees, Tyne and Dart are measured by the Environment Agency (EA) (Environment Agency, 2020)with
sampling typically completed monthly or bimonthly. Dissolves Oxygen percentage saturations are summaries for
several locations for each estuary.

3. Therange from the continuous monitoring buoys would be expected to exceed that sampled monthly by the EA,
which is also likely to be nearer surface than the buoy data (impacting the values).
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Deciduous Coniferous Arable Improve Neutral Calcareous Acid Fen Heather Heather Bog Inland Freshwater Littoral Littoral Urban Suburban
woodland woodland grassland grassland grassland  grassland grassland rock rock sediment

Conwy 6.3% 14.1% 0.0% 14.6% 3.1% 0.0% 42.6% 0.0% 6.5% 20% 9.6% 0.5% 0.5% 0.0% 0.0% 0.0% 0.2%
Clwyd 8.1% 5.8% 2.0% 59.1% 0.3% 0.0% 18.6% 0.0% 1.3% 0.0% 2.7% 0.2% 0.2% 0.0% 0.0% 0.3% 1.3%
Tamar 9.3% 3.1% 6.3% 69.0% 0.0% 0.0% 6.9% 0.0% 0.2% 0.1% 2.6% 0.0% 0.3% 0.0% 0.0% 0.1% 2.0%
Dart 9.6% 4.3% 2.2% 22.4% 0.6% 0.0% 49.2% 0.0% 1.2% 0.0% 8.5% 0.0% 0.1% 0.0% 0.0% 0.1% 1.7%
Tay 5.9% 112%  7.7% 9.0% 0.0% 0.0% 25.2% 0.0% 29.0% 0.8% 2.3% 55% 2.6% 0.0% 0.0% 0.0% 0.7%
Forth 11.0% 18.6% 8.1% 18.4% 0.0% 0.0% 30.4% 0.0% 3.8% 1.0% 3.1% 0.5% 2.9% 0.0% 0.0% 0.3% 2.0%
Clyde 7.3% 11.2% 3.2% 34.2% 0.0% 25.2% 1.7% 25% 4.1% 1.2% 0.6% 1.2% 7.5%
Tyne 5.6% 19.0% 3.7% 28.3% 0.0% 0.0% 18.2% 0.0% 5.6% 5.6% 11.5% 0.1% 1.0% 0.0% 0.0% 0.1% 1.2%
Humber 6.7% 2.8% 24.7% 30.8% 0.0% 2.6% 5.8% 0.0% 4.7% 3.7% 82% 0.1% 0.7% 0.0% 0.0% 2.4% 6.7%
Tees 4.3% 1.6% 27.9% 26.0% 0.4% 1.1% 3.8% 0.0% 1.6% 3.6% 244% 0.2% 0.7% 0.0% 0.0% 0.7% 3.9%
Orwell 5.9% 0.1% 68.8% 13.6% 0.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.2% 0.0% 0.0% 2.0% 9.1%
Stour 5.8% 0.1% 71.4% 17.1% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.2% 0.0% 0.0% 0.6% 4.7%
Debben 4.5% 0.0% 75.3% 15.8% 0.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.2% 3.6%
Colne 7.4% 0.2% 63.0% 22.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.3% 0.0% 0.0% 0.7% 5.9%
Notes:

1. Conway, Dart, Stour, Debben and Colne use only the catchments from the main river.

2. Clywd is the sum of the catchment areas from Clywd and Elwy.

3. Tamaris the sum of the catchment areas from Tamar and the Tavy.

4. Tayis the sum of the catchment areas from Tay and Earn.

5. Forth is the sum of the catchment areas from Forth, Bannock Burn and Devon.

6. Clyde is the sum of the catchment areas from Clyde and the Kelvin.

7. Tyneis the sum of the catchment areas from Tyne and the Derwent.

8. Humber is the sum of the catchment areas from Aire, Trent, Ouse, Don, Wharfe, Derwent, Torne and Foss

9. Teesis the sum of the catchment areas from Tees and the Leven

10. Orwell is the sum of the catchment areas from Gripping and Belstead Brook

11. The catchment areas applied are from the National River Flow Archive (NRFA, 2010)

12. The land cover data applied was from the UKCEH Land Cover Maps (Morton et al., 2020)
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Figure 5.A.1 - Average CHs and N:0 concentrations compared to urban and arable land cover

Average methane concentration compared to (a) urban land cover (b) arable land cover and average
nitrous oxide concentration compared to (c) urban land cover (d) arable land cover with GHG data from
(Pickard et. al., 2021 and Upstill-Goddard and Barnes, 2016) and land cover data from (Morton et al.,
2020).

1.

No significant correlations were found for areas of woodland, grassland, freshwater or other
substrate or overall catchment area. The total urban (urban plus suburban) percentage land cover is
significantly correlated to estuary methane concentration (P< 0.001) and total urban (P< 0.05) and
arable (P< 0.001) percentage land cover are significantly correlated to nitrous oxide concentration.

The significant correlation between catchment area and mean river flow (R? = 97%, P< 0.005) for
the selected estuaries, allows sensible use of the percentage land cover (compared to total land
cover/mean river flow).
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6 The impact of salinity and hypoxia on estuarine Greenhouse gases: A
study of the stratified Clyde estuary

Declaration of authorship: The data in this chapter was collected and analysed by the author of
the thesis, some co’-authors supported for the power boat surveys including Stella White, Dr.
Elliot Hurst; Mairéad Corr and Dr. Amy E. Pickard and as detailed in the acknowledgments. Co-
authors reviewed paper drafts and provided supervision, feedback, and guidance.

The chapter has been submitted to the Estuarine, Coastal and Shelf Science and is under review
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Highlights
1. Low dissolved oxygen exponentially increased estuarine N,O concentration.
2. Urban wastewater entering the estuary was the major contributor to hypoxia.
3. Nitrification dominated the freshwater layer and denitrification the saline layer.
4. CH, decreased exponentially with salinity persistence (50% after 10 days).

5. CHa production from the estuary bed was reinvigorated by freshwater flushing.

Abstract

Estuaries and coastal waters are sensitive to ecological degradation but receive some of the
highest levels of pollutants. One impact of these pollutants is increased greenhouse gas
generation, which is significant, but difficult to estimate due to high variability and data
paucity. This paper investigates key controls on methane (CH.) and nitrous oxide (N2O) in the
urban, mesotidal, stratified Clyde estuary, in Scotland, between February 2020 and October
2022. Measurements covered the estuary longitudinally, through tidal cycles and across the
river-estuary transition. Dissolved CH,s and N>O were always supersaturated relative to air
exhibiting strong spatial and temporal variability. Nitrification dominated in the upper
freshwater layer, where [N,O-N] exceeded 4.0 pg I%, while in the lower saline layer
denitrification dominated and [N,O-N] exceeded 5.9 pg I?, quadrupling the N,O per unit
available nitrogen. There was a significant inverse exponential correlation between N,O and
dissolved oxygen in the lower layer, with hypoxia driving elevated denitrification.
Methanogenesis increased in the estuary surface waters as soon as the waters became slightly
saline (>0.5ppt) and [CH,-C] was positively correlated with turbidity and exceeded 65 pg I
Lower saline layer [CHs-C] exceeded 130 pg I'* and were highest after freshwater flushing
events. The [CH4-C] decreased exponentially with salinity persistence, reducing by 50% after
10 days of continuously saline water (> 5ppt). Salinity persistence likely provides a tipping
point between the dominance of different microbial communities. The impact of small
increases in salinity and the persistence of saline conditions, explaining much of the previously
reported variability in estuarine CHs. This study provides unique insights into the conditions
that generate greenhouse gases in stratified urban impacted estuaries.

Key words
Estuary; methane; nitrous oxide; hypoxia; salinity; salinity persistence; stratification.
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6.1

Greenhouse gases from human-impacted rivers and estuaries

Introduction

Estuaries and coastal waters are among the most sensitive ecosystems to ecological
degradation but receive some of the highest levels of pollutants. The primary pollutants of
estuarine and coastal waters include; sewage and other high nutrient oxygen-demanding
wastes, organic and inorganic nutrients resulting in progressive enrichment, pathogens and
infectious agents, oils, heavy metals, organic chemicals including polynuclear aromatic and
chlorinated hydrocarbons and radioactive wastes (Kennish, 1994). The often low-energy
environment within estuaries, can result in pollutants being trapped and concentrated,
potentially resulting in significant habitat damage. While there have been major
improvements in estuarine water quality over the past century resulting from a reduction in
raw sewage discharges, this has made other contamination more visible (Matthiessen and
Law, 2002). Major changes to the estuarine environment due to industrial and urban
development have resulted in excesses of pollution coinciding with changes to estuary
geomorphology which can impact flow, sedimentation and other estuarine processes. These
physical and chemical changes combined can transform these sensitive ecosystems into hot-
spots for GHG generation (Brown et al., 2022).

Evasion of GHGs from the estuarine environment is significant; global methane (CH,) evasion
from the total coastal and open ocean was estimated at 33.2 + 37.6Tg CH4 yr?, with estuaries
evading 0.90 to 5.96 Tg CH4 yr! (Rosentreter et al., 2021; Zheng et al., 2022), suggesting
estuary emissions are highly uncertain. The large range of uncertainty in estuarine and coastal
CH, fluxes is attributed to the paucity of data and the high variability of these ecosystems,
with human alterations to aquatic ecosystems such as urbanization, eutrophication and
positive climate feedbacks acting to increase CH4 emissions (Rosentreter et al., 2021; Borges
and Abril, 2012). Methanogenesis within the estuarine environment is highly dependent on
both in-water and in-sediment processes, with methanogens competing for resources. For
example, methanogens can be outcompeted by sulphate reducing bacteria (SRB) where the
methanogenesis pathway uses hydrogen (H,) and acetate, with rates of methanogenesis
found to be two orders of magnitude lower than rates of sulphate reduction (Euler et al.,
2020; Sela-Adler et al., 2017). Conversely the presence of ammonium may inhibit CH,4
oxidation thereby increasing CH, evasion (Dunfield and Knowles, 1995; Bosse et al., 1993). In
fully mixed estuaries CH4 concentrations are non-linearly inversely correlated with salinity,
with the highest CHs concentrations observed at low salinity and associated with the turbidity
maximum (Upstill-Goddard et al., 2000; Upstill-Goddard and Barnes, 2016). In salt-wedge
estuaries CHs concentrations are considerably more variable (Middelburg et al., 2002).
Distinct zones of elevated GHG concentrations occur at the tip of salt wedge and in the
anaerobic bottom waters, suggesting acetoclastic methane production in fresh surface waters
and hydrogenotrophic methane production occurring in the saline bottom waters or
sediments (Tait et al., 2017). Decreased CH4 concentrations have been observed in higher
water flows and are linked to dilution under the assumption that the net CH4 production does
not change significantly (Bange et al., 2019). Conversely dissolved oxygen (DO) was the
dominant factor influencing CH, fluxes, with DO and dissolved organic carbon (DOC) explaining
60% of the variance, although estuarine CH4 emission patterns need improved understanding
(Zzheng et al., 2022).
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Global emissions of nitrous oxide (N,O) from estuaries were estimated as 0.06 to 0.40 Tg N2O
yr't with large spatial and temporal heterogeneity (Maavara et al., 2019; Zheng et al., 2022).
Anthropogenic nitrogen perturbations to rivers can result in a two to four-fold increase in N,O
emissions from inland waters (Maavara et al., 2019). N,O emissions are dependent on the
amount of nitrogen entering the estuary primarily from run-off and wastewater (Robinson et
al., 1998; de Angelis and Gordon, 1985; Dong et al., 2005; Nguyen et al., 2022; Seitzinger and
Kroeze, 1998). The fraction of nitrogen converted to N,O determines the climate impact of
nitrogen in rivers and estuaries, however the production and emission of N,O from estuarine
systems is currently poorly constrained. The balance between nitrification and denitrification,
is dependent on residence time, with nitrification dominating during short residence times
and denitrification dominating at longer residence times (Zarnetske et al., 2011), and oxygen
levels with low oxygen levels supporting denitrification, (Tang et al., 2022; Li et al., 2022; Brase
et al., 2017; Rosamond et al., 2012). Nitrification can occur in both sediments and the water
column, with water column nitrification dominating particularly when turbidity maximums
occur (Beaulieu et al., 2010; Barnes and Upstill-Goddard, 2011; Murray et al., 2015). N3O
production from denitrification in sediments has been measured as a linear function of the
nitrate concentration in the overlying water (Revsbech et al., 2005). However spatial and
temporal heterogeneity can be significant, with inverse correlations between N,O and
dissolved oxygen acting independently of the dissolved nitrate concentrations (Beaulieu et al.,
2010; Rosamond et al., 2012). Denitrification can be stimulated by frequent switches between
oxic and anoxic conditions with microbes able to respond rapidly to changing environmental
conditions (Marchant et al., 2017). Concentrations of N,O can vary on a diurnal basis and are
highest at night when DO is generally lowest (Rosamond et al.,, 2012). Mean N;O
concentrations have been shown to increase with rainfall, suggesting enhanced N,O emissions
with runoff and /or higher water tables favouring denitrification (Bange et al., 2019).

Despite the limited surface area of estuaries compared to the open ocean, estuaries
undertake considerable biogeochemical cycling and are active filters of dissolved and
suspended material entering the ocean from the land (Dirr et al., 2011), processes likely to
continue into estuarine plumes, coastal zones and the continental shelf. High nutrient levels
in urban estuaries can cause hypoxia, eutrophication and enhanced phytoplankton
abundance, leading to increases in GHG concentrations (Nguyen et al., 2022; Cotovicz et al.,
2021). Environmental factors, including pollutant and wastewater outflows can impact
microbial community structure and diversity (Feng et al., 2022; Zhou et al., 2022). The most
sensitive estuarine systems to anthropogenic impacts are likely to be stratified systems due to
their limited mixing rendering them prone to hypoxia (Park et al., 2007). This can have a
detrimental impact on estuarine biodiversity and severe hypoxic events can result in fish and
invertebrate mortality (Breitburg, 2002; Lucchesi et al., 2022; Larsen et al., 2019). Hypoxia can
impact biogeochemical processes such as sediment phosphate efflux (Foster and Fulweiler,
2019) and increase GHG emissions (Brown et al.,, 2023d). GHG concentration in stratified
estuaries have been found to be more variable and less well explained compared to fully
mixed estuaries (Middelburg et al., 2002) with a paucity of estuarine GHG data, (Zheng et al.,
2022; Rosentreter et al., 2021). All of which supports the need to understand anthropogenic
interactions within these sensitive systems.
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Addressing this gap in understanding is needed to inform improved estimates and
remediation approaches with multiple benefits including GHG management. This study
addressed the following key questions: (1) what hydro-chemical conditions (tidal regime, level
of stratification, salinity, temperature, river flow, mixing, nutrients and sedimentation) drive
estuarine N,O and CH4 dynamics and (2) how do short- and long-term hydro-chemical changes
impact N,O and CH, variability.

6.2 Material and methods

6.2.1 Study Area

The Clyde estuary on the west coast of Scotland (Fig. 6.1), is a temperate, highly urban,
mesotidal salt wedge estuary, stratified throughout the 20km of the inner estuary, with a
mean spring tidal range of 3.0 m and mean neap tidal range of 1.9 m (Karunarathna, 2011).
The inner estuary is long and narrow with friction and turbulence reduced by dredging (over
the last 200-years) and the presence of seawalls (Jones and Ahmed, 2000). The rivers flowing
into the urban Clyde estuary, (including the Rivers Clyde, Kelvin, White Cart, Black Cart, Gryffe
and Leven) have a catchment surface area of 3,200 km? (Clyde River Foundation, 2020). The
average combined freshwater flow into the estuary was estimated as 110 m3s?, with the 50-
year extreme flow estimated as 1438 m3s? (Bekic et al., 2005). These inflowing rivers can
contain high sediment concentrations during high flow events, but the tidal asymmetry (ebb
tide velocity > flood tide velocity) acts to move riverine and estuarine sediments downstream
preventing a turbidity maximum. As such the Clyde estuary is not an area of active modern
sedimentation, with only a thin layer of recent contaminated sediment on top of an earlier
layer of glacial and post-glacial origin (Jones et al.,, 2019). The Clyde estuary is highly
contaminated, a legacy from its industrial past and the increasing urban population of the City
of Glasgow, and is still at risk from nutrient enhancement and diffuse pollution (Scotland’s
Environment, 2014). While water quality has improved, estuarine sediments still contain high
levels of contamination including heavy metals (Hursthouse et al., 2001), with the highest
elemental concentrations of Cu, Pb, Co, Cr, Ni, Sb and Zn occurring in the urban estuary, at
concentrations significantly above that of the urban river (Jones et al., 2019; Rodgers et al.,
2020; Balls et al., 1997). The Clyde estuary exhibits anomalously high levels of polyaromatic
hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) (Edgar et al., 2003; Edgar et al.,
2006; Vane et al., 2007).

6.2.2 Site description and data collection

Estuarine measurements were made using three approaches; (1) longitudinally by power boat
(Clyde estuary transects (CET)), (2) from a single location through tidal cycles (Clyde estuary
pontoon (CEP)) and (3) across the river estuary transition (CRE). Samples for CET and CEP
were collected at the surface and 0.5m above the bed and CRE samples only at the surface.

For the longitudinal surveys, ten measurement locations were selected (Fig. 6.1 and Table 6.1)
between the tidal weir, which separates the fresh and salt-water habitats, and the location
where the estuary widens as it joins the Irish Sea. Sample locations were selected to provide
an understanding of how salinity, river flow and stratification impacted GHG generation.
Spacing between sampling locations increased seawards as the estuary homogenised.
Samples were collected on eight occasions between September 2021 and May 2022 (Table
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6.2) starting at high tide and sampling seawards on the ebb tide. Water depths at the
sampling locations typically ranged from 5 - 6 m at the head of the estuary to 10 - 12 m in the
outer estuary (Brown et al., 2023c).

The CEP surveys were made from the pontoon adjacent CET L6, 7.9 km from the tidal weir and
located on the south bank of the estuary. The water depth at the pontoon varied between 3m
and 7m. Samples were collected on seven occasions between August 2020 and May 2022
(Table 6.3) (Brown and Pickard, 2023). Monthly surveys of the river and estuary transition
(CRE) were made between January 2020 and December 2021. This involved consecutive
surface measurements at three locations in the river and two in the estuary (a pontoon
between CET L3 and L4 and the pontoon as for CEP and CET L6) (Brown et al., 2023b), (Fig.6.1
and Table 6.4). Temporal sampling covered a range of discharge conditions, including
baseflow and > 95 % exceedance (Fig. 6.2). Figure 1 includes all survey location, together with
the locations of urban wastewater treatment plants (UWWTP) discharging to the estuary.

Table 6.3 - Sampling locations for the Clyde estuary transects

No. Location Latitude (N) Longitude (W) Distance from Distance between Location Information
code (WGS84) (WGS84) tidal weir (km)®)  Locations (km)

1 L1 55.853931° -4.251681° 0.43 0.43 Most upstream point

2 L2 55.856082° -4.273576° 1.85 1.42 Adjacent M8 motorway

3 L3 55.861379° -4.297750° 3.51 1.66 Restricted point in estuary

4 L4 55.867974° -4.318569° 5.00 1.49 Adjacent the SEPA Buoy

5 L5 55.868900° -4.339734° 6.35 1.35 Adjacent Shieldhall UWWTP

6 L6 55.876932° -4.360132° 7.88 1.53 Adjacent Breahead pontoon

7 L7 55.888767° -4.390125° 10.20 2.14 Adjacent scrap metal working

8 L8 55.908154° -4.444381° 14.35 4.14 Adjacent Dalmuir UWWTP

9 L9 55.929253° -4.487592° 18.00 3.65 Adjacent Bowling old harbour

10 L10 55.932344° -4.575588° 23.50 5.50 Offshore from River Leven
Notes

1. Distance is from the tidal weir to the measurements point, with distance between locations increasing seawards
2. The River Kelvin enters the estuary between L3 and L4, the Rivers White Cart and Black Cart enter the estuary between
L7 and L8 and the River Leven enters the estuary adjacent L10

Table 6.2 - Sampling dates for the Clyde estuary transects

No. Survey Date Survey start Surface Water Time of High Tidal River Flow at Comments (4
code (M time (GMT) Temperature @ tide (GMT) range (m) high tide (m3/s)
(°c)
1 CET1 21-Sep-21 13:00 16.4-15.6 13:10 3.86 10.8 All locations
2 CET2 15-Oct-21 08:50 11.7-12.1 08:10 1.73 16.0 All locations
3 CET3 21-Oct-21 12:40 11.2-115 13:20 3.82 29.0 Locations 1to 9
4 CET4 22-Nov-21 12:51 7.3- 8.7 14:20 3.45 26.6 All locations
5 CET5 29-Mar-22 10:50 10.4- 9.8 11:00 3.29 17.4 All locations
6 CET6 13-Apr-22  10:20 9.2-104 10:30 2.29 22.3 Locations 1to 8
7 CET7 25-May-22 09:30 14.7-15.4 08:50 3.09 13.1 Locations 1to 4
8 CET8 31-May-22 12:40 15.4-14.5 13:30 3.45 10.5 Locations 1to 8
Notes
1. The water temperature is presented for L1 and then for L10 for the surface data only
2. Theriver flow is for SEPA’s Daldowie gauge for the time of the survey start, (UKCEH, 2020b)

3. Thetidal range is taken from harmonic analysis of the tidal data and Renfrew tide gauge which is located at 55.885812°N,
4.3828324 West (Scottish Environment Protection Agency, 2020b). This is closest to location L7.
4.  The time of high tide was used as a guide for the start of the survey.

5. In surveys CET3,6,7,and 8 some locations could not be reached due to rough weather.
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Table 6.3 - Sampling dates for the Clyde estuary tidal cycle measurements

No. Survey Date Survey time Average Time of High Tidal range River Flow - Comments
codel® (GMT) Surface tide (GMT) (m) mid survey
Temperature (2) (m3/s)
(°c)
1 CEP1 13-Aug-20 06:00 - 18:30 18.1 06:30 2.23 33.8 Surface, bed
2 CEP2 25-Feb-21 06:15 - 16:00 7.3 11:50 2.94 106.6 Surface, bed
3 CEP3 28-Mar-21 06:15 - 15:15 8.2 12:50 4.40 56.8 Surface, bed
4 CEP4 29-Jun-21  06:00 - 16:30 19.0 16:10 4.35 8.1 Surface, bed
5 CEP5  24-Aug-21 05:30-15:30 17.9 14:10 4.06 10.0 Surface, bed
Surface, bed
6 CEP6 15-Mar-22  08:00 - 17:00 7.5 11:20 2.63 99.8 .
& evasion
Surface, bed
7 CEP7  08-May-22 08:00-17:00 14.4 17:20 2.00 14.3 .
& evasion
Notes
1. The sea water temperature is presented as the average surface temperature measured across the survey
2. Theriver flow is for SEPA’s Daldowie gauge for the middle of the survey (UKCEH, 2020b)
3.  Thetidal range is taken from a harmonic analysis of the tidal data and Renfrew tide gauge which is located at
55.875908°N, 4.360176°4 West (Scottish Environment Protection Agency, 2020b), 3.4km seawards of the survey
location.
4.  Thetidal range is for the tide most encompassed in the survey. There is considerable asymmetry across the semi-diurnal
tides.
5.  The estuary is periodically dredged, dredging activity occurred in the summer of 2020, survey CEP1 was impact by this

activity

Table 6.4 - Sampling locations for the Clyde river estuary transition

No. Location Latitude (N) Longitude (W) Distance from Tidal weir ~ Number of Comments
code(1) (WGS84) (WGS84) minus is upstream (km) surveys
1 CRE1 55.82994° -4.121975° -13.8 20 Surface only
2 CRE2 55.82334° -4.171169° -10.3 20 Surface only
3 CRE3 55.85004° -4.240297° -0.40 20 Surface only
4 CRE4 55.86416° -4.308975° 4.28 20 Surface only
5 CRE5 55.87601° -4.360505° 7.88 20 Surface only
Notes

1.  Distance is from the tidal weir increasing seawards, with negative values in the river upstream of the tidal weir
2.  Data was measured monthly between Feb 2020 to Dec 2021, with no data measured in the period Apr to Jun 2020.
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Figure 6.1 - Sampling locations and land cover for the Clyde estuary.

Land cover is from UK Centre for Ecology & Hydrology (UKCEH, 2020a). Locations are for the Clyde estuary transects (CET), Clyde estuary pontoon (CEP) and Clyde
estuary river transition (CRE) surveys. The R. Kelvin enters the estuary between CET L3 and L4, the R. White Cart and Black Cart between CET L7 and L8 and the R.
Leven adjacent CET L10. The estuary is impacted by urban wastewater including: Shieldhall near CET L5, Paisley and Erskine via the R. Cart seawards of CET L7,
Dalmuir near CET L8 and Dumbarton West seawards of CET L10 (Marine Scotland, 2022).

Page | 133



Greenhouse gases from human-impacted rivers and estuaries

500 -

=450 - Daily Average Flow |

)]

="’E 400 - = === 95% exceedence

© 350 - © River - estuary

2 i Transects

{3 300

3250~ . & Pontoon .

gzoo 1] |

J |

2 150 el T e T T -...-. -.-. El X o ettt e ke | rl Tl - - - - - -

(1N

= 100 40 [ v h

g il 0 i [

E 50_ W ¢ L ~ > N A &’J i ﬁ !
0 T T T T T Il T T T T T T T [ I = -e= == _"'I. T T T T T -il T ‘T T
o O O O O O O O O O O O O ™ ™ ™ v ™ ™ ™ ™ v ™™ v v N N N ON N «N
A T R LT I B T B L T B B I S L R L B - - T
[ c = = e N - — S o o 9+ > Q cC = e >N = = o o > [&] =] e ] P T ]
6 8 & 2 @ 5 2 2 5 0 R & ¢ 6 & 2 ¥ ©m 2 2 5 0 K D O @ & 8 ©mw mw 3
5 S =2 < =522 g2 0w O za05=2<s="""2wO©za0-5=2===">

Figure 6.2 - River Clyde flow for survey period -

River flow data is daily average flow for Daldowie on the River Clyde (UKCEH, 2020b). CET surveys are denoted by yellow diamonds, CEP surveys by blue triangles
and CRE surveys by red circles. Note the extended period of low river flow from Apr to Sep 2021 which resulted in a semi-permanent saline intrusion in the estuary
and increased estuary flushing times.
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6.2.3 Field sampling and laboratory measurements

Water samples were collected at the surface using a 10 L bucket and 0.5m above the bed
using a 5 L water depth sampler. Dissolved gas samples were collected in triplicate at each
location using the headspace method, prior to the collected water being disturbed by other
measurements, together with ambient air samples (Billett and Moore, 2008; Kling et al.,
1992). Conductivity (EC), water temperature (Tw), dissolved oxygen concentration (DO) and
pH were measured with a HQ40d Multi portable meter (Hach) with a Intellical CDC401
Laboratory 4-Poles Graphite Conductivity Cell, a Intellical LDO101 Laboratory Luminescent /
Optical Dissolved Oxygen and a PHC10101 Combined pH electrode. A two-litre water sample
was retained for later analysis which was kept in a cool-box until returned to the laboratory
for processing. Turbidity (Tur) was measured in the water samples using a Thermo Scientific,
Orion AQUAfast AQ3010 Turbidity Meter.

Headspace samples for CO,, CH, and N,O were analysed using an Agilent 7890B gas
chromatograph (GC) and 7697A headspace auto-sampler (Agilent, Santa Clara, California),
calibrated against a series of mixed air standards of: 1.12 to 98.2 ppm for CH,4; 202 to 5253
ppm for CO,; and 0.208 to 1.04 ppm for N,O. Gas partial pressures were determined as in
(Brown et al., 2023d). Water samples were filtered within 12-hrs of collection through
Whatman GF/F 0.7 um filters. Filtrate was analysed for: total dissolved nitrogen (TDN), total
dissolved carbon (TDC) and dissolved organic carbon (DOC), UV-Vis absorbance, nitrite-N
(NOy), nitrate-N (NOs) and ammonia-N (NH;*). Analysis for TDN, TDC and DOC were
undertaken using a Shimadzu TOC-L series Total Organic Carbon Analyser with all samples run
within 36-hrs of collection. Absorbance at 254 nm, indicative of aromaticity, was measured
using a Perkin Elmer LAMBDA® 365 UV-Vis Spectrophotometer to evaluate the Specific
Ultraviolet Absorbance (SUVA). NO, NOs, and NH;* were measured using a SEAL AQ2
analyser. One possible interference with the determination of ammonia-N by this technique
was that dissolved calcium and magnesium may form a precipitate under alkaline conditions
causing a positive bias at high salinity. Total phosphorous (TP) was measured from unfiltered
digested samples using a SEAL AQ2 analyser. Full details of the data collection and laboratory
measurement methodologies for the various survey approaches are detailed separately
(Brown et al., 2023c, 2023b; Brown and Pickard, 2023)

6.2.4 Data sources and processing

Discharge data, measured at Daldowie on the River Clyde, 13.8km upstream of the tidal weir
was applied (Scottish Environment Protection Agency, 2020; UK Centre of Ecology &
Hydrology (UKCEH), 2020). River flow over the measurement period ranged from 4.8 m3sto
peak at 522 m3s! (daily average of 450 m3s™) with the measurement days capturing a range of
5.6 - 170 m3st. SEPA support an Inner Clyde Estuary (ICE) buoy located within the inner Clyde
estuary adjacent to the CET L4 sampling location. Data from this buoy were not yet available
coincident with these estuary measurements but data from the period 2015 to 2019 were
used to provide insights into estuarine processes including river, tidal and seasonal impacts on
estuary temperature, oxygen, salinity and turbidity at the surface and near-bed (Scottish
Environment Protection Agency, 2020a).

The mechanisms by which an estuary is flushed are related to several factors including, tidal
flushing, river discharge and density induced estuarine circulation. Density induced circulation
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is significant in fjord-type system with a sill restricting seawater ingress, but unlikely to be
important in the Clyde and has been assumed to be negligible. Estuary residence time was
defined as the average time an initially existing water parcel resides in the estuary before
being flushed out and estuary flushing time was defined as the time required to replace the
existing freshwater in the estuary at a rate equal to the river discharge. If all processes were
linear the residence time, would be half of the flushing time (Wang et al., 2004). As the Clyde
estuary is stratified with river flow dominating, the flushing time was estimated using the
fraction of freshwater method (Eq. 1) (Wang et al., 2004). The flushing time of an estuary (Tf)
can be estimated by using the low tide estuary volume (V) (the average low tide depth
multiped by the estuary area), the equivalent estuarine outflow (Qu), the river discharge (R),
the sea water salinity (S,) and the volume-weighted average salinity of the outgoing flow
during ebb tide or the upper layer salinity in case there is a two-layered system (S.).

14 14 So—Se
Tf= o = 7G50 (Eq. 1)

Flushing time calculations were made using the SEPA ICE buoy data at CET L4, for the different
locations measured during the CET survey and for all data from the three surveys measured at
the common location of the Breahead pontoon (CET L6, CEP and CRE 5). To ensure all data
points were independent, only one (mid ebb-tide) measurement was selected from each CEP
survey. Data from the CRE survey were from a range of tidal conditions.

Nutrients (TP and TDN) enter the inner estuary from the rivers, predominantly the River Clyde
and directly from UWWTP. The [TP] and [TDN] entering the estuary from riverine diffuse and
point sources was calculated using the relationships derived for the Clyde (Brown et al.,
2023d). To estimate nutrients entering from the UWWTP adjacent CET L5 it was assumed
that: the UWWTP treats wastewater for 600,000ppe (per person equivalent) (SEPA, 2017) and
the TP and TDN inputs were TP = 2 g pppd (per person per day) and TN =13 g pppd (Agthe and
Pendergast, 1983). This nutrient input from the River Clyde and the UWWTP adjacent L5 were
estimated assuming these inflows were mixed into the top 5m of estuary water and the
residence time is half the fresh water flushing time (Trw).

The sea-to-air CHs and N,O emissions as a flux (F) (mol m™ d™), can be estimated from, the
gas specific transfer velocity, kw (cm h™), the gas specific solubility L (mol cm™ atm™) using
(Wiesenburg and Guinasso, 1979) for CH, and (Weiss and Price, 1980) for N,O and the gas
specific water-to-air partial pressure difference Ap (Wanninkhof, 2014) (Eq. 2) .

F =kw.L. Ap (Eq. 2)

The gas specific transfer velocity (kw) can be estimated from the average monthly wind speed
(U) (ms™?) and the gas specific Schmidt number (Sc) (Wanninkhof, 2014) (Eq. 3).
-0.5
— 2 (5<
kw = 0.251. UZ. (660) (Eq. 3)
In addition to wind speed, current speed and turbulence, particularly that during overturning
and mixing of the stratified layers would increase gas exchange. However, the requirement
for measured current speeds precludes the use of this term in this analysis, making the

estimate of flux likely a minimum flux. Noting the inherent uncertainties we use Eq. 2 to
determine flux, an approach that has been widely applied (Upstill-Goddard and Barnes, 2016).
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Average monthly wind speeds were obtained from (Met Office, 2021). The total estuary
emissions were calculated by the sum of total emissions for an individual section within the
estuary. This resulted in one section for each of the 10 sampling sites from CET surveys,
starting and at the tidal weir and ending at longitude -4.667°, with each section divided
midway between the two measurement points. This accounted for 26.58 km? of the Clyde
estuary and not the whole estuary area of 54.85 km? (Nedwell et al., 2002), as measurements
did not go far enough west to be representative.

Spatial analysis of all measured parameters was undertaken using Quantum Geographic
Information System (QGIS) version 3.22. Regression analysis to determine relationships
between GHGs and water physiochemical properties was undertaken using Statgraphics
version 5. Estuary residence times were calculated using MatLab R2014a. Values of p < 0.05
were considered statistically significant for correlation and difference tests.

6.3 Results

6.3.1 Hydrological drivers on estuary flushing

High-resolution (15-min) data from the ICE buoy at CET L4 allowed comprehensive flushing
times to be calculated for the period 2015 to 2019. The area of the estuary from the tidal weir
to the ICE buoy (adjacent CET L4) is 0.65 km? and the maximum flushing time was 12 days at
the lowest flow (Fig. 6.3 A). Flushing time decreased exponentially as river flow increased.
Tidal range had a larger impact on flushing times during low river flow compared to high river
flow (Fig. 6.3 A). Flushing times increased with the area of the estuary, for example at CET
L10, with an area of 8.25 km? flushing time reached 65 days (Fig. 6.3 B).
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Figure 6.3 - Clyde estuary freshwater flushing time (7f) - Panel A - Tf for location CET L4 derived from
the Inner Clyde Estuary (ICE) Buoy (Scottish Environment Protection Agency, 2020a). Tf ranged from 1
and 12 days for area inshore of L4 (0.65 km?) (2015 to 2019). River flow had the largest influences on Tf
with tide having a larger impact in low river flow. (River flows of 10 m3s%, Tf of 5 - 8.5 days & river
flows of 70 m3s? Tf of 1.0 - 1.5 days). Panel B is Tf for locations CET L4, L6, L8 and L10 from CET survey.
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6.3.2 The impact of estuary flushing on nutrients and greenhouse gases

Estuary flushing time was significantly positively correlated with surface water quality data for
[N2O], Tw, [TP], [TDN], [DIC], and EC and significantly negatively correlated with surface water
SUVA;s4 and DO, with no significant correlation with [CH4] and [DOC] (n=35). Estuary flushing
time was significantly positively correlated with near-bed data for Tw, [DIC] and SUVA;s,
(n=18) (Fig. 6.4). The lack of a correlation with near-bed nutrient data suggests there is
limited penetration of nutrients from the riverine surface layer into the lower layer due to
limited mixing. The lack of correlation with near-bed EC suggests the lower layer water
properties are more impacted by tidal influences, rather than freshwater flushing (Fig. 6.4). In
the lower saline layer, the N:P ratio did not change significantly with DO, Tw, TUR, or [DOC],
but in the surface layer the N:P ratio reduced as DO and DOC were depleted, suggesting
significant N and P processing is occurring in the upper layer. Estimates of estuarine inputs of
P and N from the river and UWWTPs suggested that for a Tf of 2 days, 45% of the TP and 63%
of the TDN were removed and for a Tf of 10 days that 58% of the TP and 84% of the TDN were
removed, indicting considerable nutrient processing within the estuary, especially during low
river flow, with TDN the limiting nutrient.
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Figure 6.4 - Impact of freshwater flushing time (7f) on estuary physiochemical properties

Data for location CET L6 - The surface water is indicated by black circles and the near-bed water by
brown squares. Tf was significantly positively correlated with surface N2O, Tw, TP, TDN, DIC and EC and
negatively correlated with DO and SUVA2s4, with no significant correlation with CHs and DOC. Near-bed
correlations are only significant for DO, DIC, Tw, SUVA2sa.
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6.3.3 Greenhouse gases across the riverine to estuary interface

The tidal weir in the Clyde enabled clear river and estuary regions to be distinguished,
particularly during low river flows. The transition to the estuary had a negligible impact on
[DOC] but the SUVA;s4 indicated an increased anthropogenic signature. EC, [TP] and [TDN]
increased in the estuary surface waters and DO% was reduced (Fig. 6.5). Some nutrients
entered the estuary from the river but predominantly they entered from the UWWTP
upstream of CRE5. N,O concentrations were highest in both the river and the estuary
between April and September 2021, associated with low river flow conditions and high [TDN].
The [N,0] further increased between the river and the estuary. The correlations between
[N20] and [TDN] including all data across the river and estuary waters was significant (R?= 0.51
p-value < 0.001), suggesting N,O is generated in the river and estuary surface water by similar
mechanisms.

60
o o
340 zF'L 20
fso Q’N
o =
X e
10 *
0 0.0
06 6.0
05 50
Bos 2 40
Z 30
B 03 a
02 20 1
0.1 1.0
0 0.0
2% 110
ey 100
= o0
215 o
B
8 8 80
810 - -
5 60
0 50
50 ; 10 :
- 1 G 1 H
£ 40 ! T8 i
b3 1 g 1
Q 2 1
&30 | a9 i
£ ! z, i
AR —— i 2 !
« i 32 !
<10 = g !
a 1 Q 0 [a—— —t— )
00 : 4 = o o < w
& S S o 3] Q o (%) o o

Figure 6.5 - Comparison of river and estuary transition -

Panels A to H show variation in [CHas], [N20], [TP], [TDN], [DOC], DO%, SUVA 254 and EC across the river
estuary transition, defined by the tidal weir (indicated by the blue dashed line). The [CH4] increased in
the estuary, but the highest [CH4] in the river occurred in summer under low river flow conditions and in
the estuary in winter during high river flows. The highest [N20] in both the river and estuary occurred
in summer under low river flow conditions.
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Conversely [CH4] increased from the river to the estuary, but while the conditions that
produced the highest [CHs] in the river occurred between April and September 2021,
associated with low river flow conditions, these conditions did not produce high [CH4] in the
estuary. The highest [CH4] in the estuary occurred after high river flow events often during
winter. Under these conditions additional CHs must be generated within the estuary surface
waters and not transferred from the river. The highest correlation with [CH4] in the river
environment is with [TP], (R%= 0.76 p-value < 0.001) but this correlation does not persist after
the transition to the estuary (R?= 0.009 p-value = 0.69). Differences in water physicochemical
properties as per Figure 6.5 (CHs-C, N,O-N, TP, TN, DOC, DO% SUVA;ss and EC) were
statistically significant (T-test) between the river and estuary for all parameters. The biggest
statistically significant point-to-point difference was between CRE4 and CRE5, which was
significant for all variable except DOC. However, the point-to-point difference between CRE3
and CRE4 was not significant, suggesting freshwater dominance was retained at the surface.

6.3.4 Drivers of estuarine nitrous oxide

Both surface and near-bed [N,O-N] were positively exponentially correlated with Tw and [TDN]
and negatively exponentially correlated with [DO] (Fig. 6.6 B, C and A). For the near-bed data
only, [N2O-N] and pH were negatively exponentially correlated (Fig. 6.6 D). For the near-bed,
the exponential correlation between [N,O-N] and [DO] could account for 95% of the variability
(R? = 0.95, p-value >0.0001) with none of the residual variability accounted for by Tw and TDN.
In the Clyde estuary the DO% is inversely correlated with both Tw (R* = 0.57 p-value < 0.001)
and the percentage of reduced nitrogen (NH4*) (R? = 0.47 p-value < 0.001), making it difficult
to distinguish individual effects (see supplementary data Fig. 6.A.1 and 2).

The [N20-N] was positively linearly correlated with [NH.*] in both surface and near-bed layers,
but the correlation with [NO5] was not significant (Fig. 6.6 E and F). However, if data that
were riverine (EC < 500 uS cm™) were removed from the near-bed layer, the near-bed [N,0-N]
had a significant positive correlation with NOs (R? = 0.35, p-value < 0.01), indicating different
nitrogen processing in the surface and near-bed layers when the estuary was stratified (Fig.
6.6 F). Relationship between [N,O-N] and EC, [DOC], [DIC], Tur and other ions were not
significant. These distinct differences between the surface and near-bed layers resulted in
different linear regression models for each layer. For the surface (S) (R? = 0.82, p-value
<0.0001) (Eq. 4) and for the lower layer (B) (R* = 0.93, p-value <0.0001) (Eq. 5), where N,O is
in ug I'Y, TOC, TP, TDN are in mg IY, DO in % saturation and NH4* in umol I,

For the surface
[N,0 — N]|(S) = 3.53 + 0.5539. NH, — 0.0267.D0% — 0.0687.TOC + 0.531.TP  (Eq.4)
For the near-bed

[N,0 — N](B) = —14.27 + 2.60.pH — 0.0728.D0% + 0.463.TDN (Eq. 5)
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Figure 6.6 - Relationship between [N20-N] and water physiochemical properties

Water properties for surface (black circles) and near-bed (brown squares), from CET survey. In plot F
the near-bed layer points that are fully riverine, due to a limited saline intrusion, are indicated in open
light blue squares and have been removed from the regression resulting in a significant correlation
between N.O-N and NOs (R? = 0.35).
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6.3.5 Estuarine methane generation

The [CH4] were typically higher in the near-bed layer compared to the surface, especially in
the upper estuary (CET L1 to L6). In the near-bed layer there were no significant correlations
between [CH4] with any of the measured parameters, with [CH4] in the upper estuary highly
variable. In the lower estuary (CET L7 to L10) [CH4] decayed exponentially with distance
seawards. The EC was also highly variable in the upper estuary near-bed layer but exceeded
10 mS cm™ throughout the lower estuary (see supplementary data Figure 6.A.1 and 2). The
surface layer [CH4] exhibited weak correlations between Tyg, [DOC] and EC (Fig. 6.7 C, A and
B). A linear regression equation considering these variables explained 50% of the measured
surface-layer (S) variability (Eq. 6), (R? = 0.50, p-value <0.001), where [CH4-C] is in pg I, Tur in
NTU and EC in uS cm™. Indicating that surface [CH4] is positively associated with suspended
sediments and negatively associated with increasing EC. There were two sets of outliers in
this relationship. Firstly, surface measurements where the water was fully riverine (during
high river flow at CET L1) and had lower [CH4] than predicted, and secondly measurements
where the estuary had become mixed (at CET L10 due to higher tidal mixing at this location).

For the surface

[CH, — C](S) = 4.415 + 419 T yr — 0.0006589 * EC (Eq. 6)
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Figure 6.7 - Relationship between [CHs-C] and water physiochemical properties

Water properties for surface (black circles) and near-bed (brown squares), from CET survey. [CHs-C]
behave differently between the surface fresh layer and lower saline layer and show a high level of
variability.

The near-bed layer [CH4] were highly variable with no clear drivers and distinct differences
between surveys. Continuous low river flows between April and September 2021 resulted in a
semi-perment saline intrusion in the Clyde estuary. The effects of this semi-permanent
intrusion on the lower layer were measured during the CEP4, CEP5 and CET1 surveys. During
this period [CH4] were observed to be low in the near-bed layer compared to data outside of
this period when regular flushing occurred. The time of saline influence or salinity persistence
(i.e., the time since the last freshwater flushing event, considering river flows that exceeded
30 m3s?!) was significantly correlated with near-bed [CH4-C] (Fig. 6.8). Note that tide (not
accounted for here) could influence salinity persistence as during spring tides freshwater
flushing could occur at low tide which might not occur during neap tides. Additionally, the
fresh water flushing events have different durations and intensity which could impact the level
of influence of a fresh water flushing events on near-bed layer [CH,].
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Figure 6.8 - Methane concentrations vs. salinity persistence (time since last freshwater flushing)
Data from location CET L1, L2 and L4, demonstrating the impact of persistent salinity on near-bed [CHs-
C]. Data that were completely riverine in nature (due to higher river flows and occurred during 4
surveys at CET L1 and one survey at CET L2) have been removed.

6.3.6 Short term tidal variability and GHG generation

Measurements through the tidal cycle (CEP) indicated that short-term changes were
secondary to the longer-term factors influencing GHG concentrations as observed between
surveys. Two CEP surveys, both during spring tides were contrasted in Figure 6.9; CEP3
(March 21) which experienced high river flow, with high dissolved oxygen and low
conductivity and had high [CH4] and CEP4 (June 21) which experienced low river flows, low
dissolved oxygen and high conductivity and had low [CH4], especially at the bed. These
surveys showed little change in GHG concentrations across the tidal cycle compared to the
difference between the surveys. Higher [N2O], [TP] and [TDN] were observed on the ebb tide,
particularly at the surface and likely linked to both the river and outflow from Shieldhall
UWWTP, 1.4km upstream of the CEP location. Conversely increased [CH4] occurred at high
tide when conductivity was low CEP3 (March 21), but [CH4] were suppressed at the bed for
CEP4 (June 21), when river flows had been low over the previous 6-week period.
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Figure 6.9 - Impact of short-term (tidal) variation on GHG generations
Panel A data is for CEP3 (March 21) and panel B data for CEP 4 (June 21). Items 1 to 4 show [CH4-C],
[N20-N], EC and DO. The surface data is represented by black dots and the bed data brown squares.
The tidal range was similar for both surveys (grey line), but during CEP3 (A) river flow exceeded 50 m3s?,
while during CEP4 (B) river flow was <11m3s and was preceded by 6 weeks of low river flows (blue
dashed line). [CH4] are supressed at the bed in CEP4. [N20] increased at low tide, likely due to nutrients
moving downstream. [N20] is higher at the bed compared to the surface in CEP4 likely due to the
longer fresh water flushing times (Tf) allowing nutrients to penetrate the stratification.
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6.3.7 Comparison with other estuaries

The observed maximum dissolved CH, percentage saturations were the highest reported for
any estuary reaching 308,351% in the near-bed layer and 147,455% in the surface layer.
Other temperate estuaries with high reported surface CH, percentage saturations include the
Tyne, UK (107,725%), the Guadelete, ES (130,358%), the Sado, PT (158,000%) (although this
value was from a tidal creek entering the estuary only and not the main estuary) and for
tropical estuaries the Adyar, IN (115,655%) (see Table 6.5 for further details and references).

The observed maximum dissolved N,O percentage saturations were high relative to other
reported for estuaries reaching 1949% in the near-bed layer and 1300% in the surface layer.
This was exceeded by Guadelete, ES (2174%), Humber, UK (6506%), Tees, UK (2118%), Ems,
DE (1794%) and Scheldt, FR (3100%) and for topical estuaries the Saigon River estuary, VT
(3500%) and based on the strong correlations observed in this study, suggests that these
estuaries have high nitrogen and low oxygen condition (see Table 6.5 for further details and
references).
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Name Country

Temperate
Clyde, UK (S)
Clyde, UK (B)

Conwy, UK
Clywd, UK
Clyde, UK
Tamar, UK
Dart, UK

Tay, UK

Forth, UK
Elbe, DE
Guadelete, ES
Tay, UK
Guadalquivir, ES
Rio San Pedro,ES
Ria de Vigo, ES
Temmesjoki, F
Colne, UK
Stour, UK
Orwell, UK
Deben, UK
Conwy, UK
Humber, UK
Forth, UK
Tamar, UK
Tyne, UK

Tees, UK

Tay, UK
Douro, PT
Elbe, DE

Ems, DE
Gironde, FR
Loire, FR
Rhine, NL
Sado, PT
Scheldt, NL
Thames, UK
Elbe, DE

Elbe, DE
Temmesjoki, F
Thames, UK
Humber, UK
Tweed, UK
Tyne, UK
Scheldt, FR

Tropical
Adyar, IN
Lupar, MY
Saribas, MY
Rajang, MY
Maludam, MY
Sebuyau, MY
Simunjan, MY
Sematan, MY
Samunsam, MY
Jiaoxi, CN
Min, CN,
Mulan, CN
Jin, CN
Jiulong,CN
Saigon, VN

Greenhouse gases from human-impacted rivers and estuaries

Table 6.5 - Comparison of annual CH;and N,O emissions in estuaries

Survey year

2020-2022
2020-2022

2017- 2018
2017- 2018
2017- 2018
2017- 2018
2017- 2018
2017- 2018
2017- 2018
2015-2022
2013
2009- 2010
2006
2004
2003 - 2004
2003- 2004
2001 -2002
2001 -2002
2001 -2002
2001 -2002
2002 - 2003
2001
2000 - 2012
2001
2000 - 2002
2001 - 2002
2001
1998

1998
1996 1998
1999
1994

2003- 2004
1998
1996

1996 - 1997
1996

1978 - 1996

2003 - 2004
2011
2011

2016-2017

2016-2017

2016-2017

2016-2017

2016-2017

2016-2017

2019-2020

2019-2020

2019-2020

2019-2020

2019-2020

2019-2020

Notes

1.
2.

Comparison of CHa and N0 saturation mean and range, and annual emission and flux densities

Type No
S 8
S 8
M 4
M 4
S 4
M 4
P 4
P 4
M 4
M 11
M 1

P/M 8
M
M
M
M 1
M
M
M
M
M
M 2
M 4
M 2
P/M 6
P 3
P/M 1
M 1
M 1
M 1
M 4
M
S 4
S 1
M 4
M 1
M 1
M 2
M 1
M
M
S
M
7
P 2
P 2
P/M 3
P/M 2
P/M 2
P/M 2
P/M 2
P/M 2
4
4
4
4
4
4

Area
(km)

102

Range
% Sat
CH,

6,202-147,455
3,343-308,351

370-8223
456-15,812
2,161-122,582
111-40,669
221-35,098
205-7,185
554-13,545

1105-130,358
100-13,100
150-1740
514-5000
101-8500
7,970-29,800

194-5558
627-19,548
452-5837
599-107,725
1702-52,368
234-1294
620-5720
130-2980
920-13,100
70-13,400
340-23,100
140-49,700
940-158,000
380-20,400
150-6700
700-2200

7,970-29,800

248-21,048

450-2000

621- 115,655
168 - 2799
397 - 3050
350- 40,598
163- 32,998

299 -50,774
106- 57 459

433 - 47,055

830 - 43 807

5,200-33,200

Annual
emission
(g CHayr?)

5.4 x 107

6.7 x 108
1.0x 108
2.7 x 108
4.7 x 107
8.4 x 106
2.6 x 107
5.3x 107

6.6 x 10°
6.9 x 107

1.5x10°
3.1x 106
2.7 %107

6.6 x 107
7.3 x107
6.2 x 107
4.0 x 107
3.1x 107
3.1x 107

2.7 %107

4.8 x 107

1.1x 107

3.4 x 107
8.0 x 107
4.4 x 107
1.3x10°
3.6 x 106
3.5x 108
4.3 x 107
6.0 x 108
5.0 x 108

Flux density
(gCHam?yr?)

2.04

0.45
0.85
4.90
1.19

0.21
0.63

9.1
0.2

1.4

10.7

Mean
% Sat
N.O

360
513

130
140
251
164

107
262
191

118

993

321
452
100

710

Range
% Sat
N0

120-1300
117-1949

106-191
110-202
99-970
76-236
67-320
86-143
98- 885
-2.5-746
96-2174
69-188

191-843

157 -6506
98-313
99-210
98-288

106 - 2118
100-118
280-650
139-374

181-1794
120-463

93-681
100-4250
96-110

100 - 3100

102-208
110-592
28-390
62-331
55-335
35-365
71-109
67-142

900-3700

Annual
emission
(g N2Oyr?)

6.3 x 10°

7.0 x 10°
7.5 x 104
1.3x 107
3.9 x 10°
8.8 x 10°
1.4 x 108
2.2x 107
2.4x 108
3.4 % 10°
2.2x 108

2.1x10°
3.8x 10°
2.6 x 107
8.1x 108
2.5x 107
5.6 x 108
6.9 x 10°
4.0x 108
1.3x 107
5.8 x 108
5.8 x 10°
1.1x 107
4.0 x 108
2.9 x 108
1.2x108
2.0x 108
1.8x 108

1.8x 108
3.8x 10°
5.3 x107
4.1x108
8.4 x 104

2.8x 108

1.4 x 108
6.3 x 10°
4.7 x 108
3.3x 107
2.0x10°
2.4x10°
3.2 x10°
-3.0x 10*
3.0 x 104

Flux density
(gN,0m2yr?)

0.24

Estuary references from (1) (Upstill-Goddard and Barnes, 2016), (2) (Pickard et al., 2021a), (3) (Middelburg et al., 2002), (4) (Harley
etal., 2015), (5) (Upstill-Goddard et al., 2000), (6) (Burgos et al., 2015), (7) (Silvennoinen et al., 2008), (8) (Silvennoinen et al., 2008),
(9) (Ferrdn et al., 2007), (10) (Rehder et al., 1998), (11) (Ferrdn et al., 2010), (12) (Nguyen et al., 2022), (13), (Rajkumar et al., 2008),
(14) (Bange et al., 2019), (15) (Musenze et al., 2014), (16) (Brase et al., 2017), (17) (Schulz et al., 2023), (18) (Barnes and Upstill-
Goddard, 2011), (19) (Dong et al., 2005), (20) (Barnes and Owens, 1998), (21), (De Wilde and De Bie, 2000), (22) (Li et al., 2022),

(23) (Mdller et al., 2016)

(*) Data from (Pickard et al., 2021a) has been converted to annual emission and flux densities by taking the average estuary
concentrations multiplied by the average estuary area. This will likely over-estimate the annual emission and flux densities, as the
lower estuaries with high surface area typically have lower GHG concentrations.
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6.4 Discussion
6.4.1 Causes and controls of estuarine methane

Significant spatial and temporal variability in [CHs] was exhibited within the stratified Clyde
estuary. The major influences on this variation were different in the surface and lower layers.
The lower layer typically had higher [CH4], but conditions did occur when [CH4] in the surface
layer significantly exceeded that of the lower layer. In the lower layer [CHs-C] reached > 130
pg I't. However near-bed [CHs-C] were < 10 pg I after a saline intrusion into the upper
estuary had persisted for several months with [CH4] declining proportionally with the duration
of the saline intrusion. Near-bed [CH4] in the upper estuary appeared to be rapidly (< 1 day)
reinvigorated by freshwater flushing input, (river flows above 30m3s?t) and exponentially
declined with time since the last freshwater flushing event, with [CH,] reduced by about 50%
after 10 days. The near-bed [CH4] in the lower estuary, which was less impacted by
freshwater flushing, except during exceptionally high river flow events, were lower and less
variable, declining exponentially seawards and consistent with persistent higher salinity and
dilution. Hence accounting for hydrological variation and persistence is important for

understanding methane generation in estuaries.

In the surface layer [CHs-C] reached > 65 ug |1, however any high [CH4] derived from the river,
associated with low river flow and high nutrient conditions, did not persist into the estuary.
High [CH4] occurred in the surface estuary waters, associated with increased river flow, Tugr
and [DOC]. This increase in [CH4] was only observed after a small increase in salinity had
occurred in the surface layer by mixing and [CH4] declined once the surface layer salinity
increased. The observations that surface layers [CH4] could be higher or lower than in the
near-bed layer and that influences on [CH4] were different in the surface and near-bed layers
indicated that diffusion of CHs across the pycnocline was not an explanation for surface [CH,].
These observations support findings in the stratified Yarra estuary, Australia, which found a
dominance of acetoclastic CH4 production in fresh surface waters and hydrogenotrophic CH,4
production in the saline bottom waters (Tait et al., 2017).

Research into methanogenesis in other contexts has found relationships with salinity. The
presence of sodium chloride can inhibit the production of CHs from food waste in anaerobic
digestion (Zhao et al., 2017). In tidal marshes, CH, emissions in oligohaline tidal marshes (0.5 -
5 ppt) were the highest and most variable, polyhaline tidal marshes (>18 ppt) had significantly
lower CH, emissions, with fresh (0 - 0.5 ppt) and mesohaline (5 - 18 ppt) tidal marshes having
intermediate emissions (Poffenbarger et al., 2011). These observations support the conclusion
from this study that methanogenesis is initially stimulated by slightly saline conditions, but
inhibited by salinities > 5 ppt. Inner estuaries with salinity ranges of 1 - 5 ppt are likely
hotspots for methane emissions.

In permanently saline waters methanogens are outcompeted for resources by other microbial
communities, including SRB with rates of methanogenesis estimated at two orders of
magnitude lower than rates of sulphate reduction, probably indicative of SRB having a higher
substrate affinity for H, (Kristjansson and Schonheit, 1983; Lovley and Klug, 1983). Estuarine
conditions can indicate how quickly these microbial communities respond to changes in
salinity. The methanogens experience a slow decline linked to increased salinity but a very
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rapid reinvigoration after a freshwater flushing event, indicative of both their adaptive
capacity and rapid transition between methanogens and SRB.

The time to respond to salinity changes could vary between locations, even in the same
estuary due to sediment structure. The time for equilibration between interstitial and
overlying water can be rapid in sand but slow (many days) in silts and clays, due to sediment
porosity and permeability, with surface sediments more rapidly affected than bottom
sediments (Chapman and Wang, 2001). The availability of labile carbon in sediments can
influence [CH4] (Sha et al., 2011). Flow restrictions in the inner Clyde estuary (CET L3) caused
deposition of organic matter, particularly leaves, resulting in bed sediments with high levels of
decomposing organic matter. This may have influenced [CH4] at CET L3 which had a more
variable relationship with salinity persistence. The observed slow decline in [CH4] with salinity
persistence could be due to varying methanogen salinity tolerance, the time for overlying
water to penetrate the bed or other sediment properties such as levels of labile carbon.

6.4.2 Uncertainty in estuarine methane controls

Estuarine [CHs] could be influenced by the competing interaction of anaerobic
methanogenesis and aerobic methanotrophy, both of which are stimulated by higher
temperatures, and different conditions and may result in their changing dominance
(Dessandier et al., 2016). Oxygen is the preferred terminal electron acceptor for
methanotrophs, which can oxidize 60-90% of the CHs; produced in wetlands before its
emission to atmosphere (Le Mer and Roger, 2001). Low oxygen conditions, as occur in the
lower layer, may result in higher [CH4], with methanotrophy reducing [CH4] in the surface.
However no significant correlation was observed between CH, and DO in either layer to
support methanotroph activity. The diversity and effectiveness of the methanotrophic
community decreases with increasing salinity in lake sediments (Zhang et al.,, 2023) and
suggests that salinity might also dominate methanotroph activity above that of oxygen
availability.

Several authors observed high [CHs] variability both within and between estuaries
(Middelburg et al.,, 2002; Upstill-Goddard et al., 2000; Upstill-Goddard and Barnes, 2016).
River-dominated, stratified estuaries were found to be more erratic compared to well mixed
estuaries (Middelburg et al., 2002), however measurements were made at the surface only,
making the impact of salinity persistence on stratified estuaries impossible to compare. Many
of the mixed estuaries (Middelburg et al., 2002; Upstill-Goddard and Barnes, 2016) showed a
rapid decline in [CH.] with increasing salinity, consistent with the salinity persistence model.
Several of the mixed estuaries had high [CH4] in the in the middle of the estuary, often
attributed to tidal flats. The Tyne estuary experienced a mid-estuarine [CH4] peak (Upstill-
Goddard and Barnes, 2016), which was linked to increasing tidal range associated with high
suspended particulate matter (SPM) (Brown et al., 2022), consistent with in-water CHa
production. However, spring tides at low tide would also result in removal of saline water
from the estuary providing an opportunity for freshwater flushing which could reinvigorate
methanogens in the bed resulting in a mid-estuary [CH.] peak. Turbidity, flushing linked to
salinity persistence and the influence of tidal flats, which may have different salinity to the
main estuary, may all influence mixed estuary [CHs]. We found no significant impact of
temperature on [CH4], however climate change models also predict more-frequent flushing
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events in winter and longer periods of drought in summer (Robins et al., 2016). Flushing
events would reinvigorate methanogenesis while droughts would increase saline intrusions
supressing methanogenesis. As such the overall impact of climate change on estuarine [CH4] is
unclear.

In the river high [CH4] were significantly correlated with TP, however this relationship did not
persist into the estuarine waters. While the main reason appears to be the dominating impact
of salinity on methanogenesis, TP may be impacted by a variety of other influences.
Sediments typically acts as both a sink and source for P with the overlying water (Cheng et al.,
2020), with the release of P subject to anthropogenic activities and complex biochemical
interactions including coupling with DOC and P (Dong et al., 2022). Inorganic P is adsorbed by
a variety of soil minerals (Xiong et al., 2022) and speciation impacted by salinity (Hsu et al.,
2022) as such the river estuarine transition could also act to change P availability for
biochemical processing. However, this data is not sufficient to interrogate such changes.

This study provides insights into methane generation but does not address the difference
between different estuarine environments. The Clyde estuary has one of the highest [CH4]
despite the low turbidity which has been associated with UWW outflows (Brown et al., 2022).
The high level of nutrient processing found in the Clyde estuary could result in a build-up of
nutrients within the estuary sediments supporting methanogenesis. Further research into
factor impacting the level of methanogenesis from sediments could yield important insights
about drivers of GHG production in other estuary typologies.

6.4.3 Causes and controls of estuarine N,O

This study supports the growing global concern that N,O emissions from estuaries are
increasing because of the elevated nutrient loading and are further exacerbated by the ability
of these nutrients to cause hypoxia, observed here to quadruple the N,O produced per unit
available nitrogen. In the Clyde estuary, the UWW directly entering the estuary has neither
nitrogen or phosphate removal and is causing eutrophication and oxygen depletion during
periods of low river flow (and the resultant longer freshwater flushing times) with most
nutrients processed within the estuary, rather than output to the sea. These extended
flushing times and low oxygen levels lead directly to more nitrogen processing by
denitrification and consequently more N,O per unit TDN.

Within the stratified Clyde estuary N,O is produced by two different pathways. Nitrogen
processing in the upper layer was primarily via nitrification, as indicated by the significant
correlation with NH4*. In the lower layer both nitrification and denitrification occurred, but
significant nitrogen processing was via denitrification, prompted by the low oxygen conditions
and linked to NOs. When compared with data measured for other UK estuaries (Dong et al.,
2005; Barnes and Upstill-Goddard, 2011), N,O saturation in the Clyde estuary lower layer was
4.4 times higher compared to the available TDN and aligned with that found for the Colne
estuary, widely reported for significant denitrification (Dong et al., 2000, 2002) (Fig. 6.10).
N,O saturation in the Clyde estuary surface layer was 1.6 times higher compared to other
estuary surface measured compared to the available TDN and experienced low oxygen
saturation. All the measurements made in this study in the Clyde were made during daylight
and no account has been made for diurnal variation. Other researcher report low [DO] at
night, (Rosamond et al., 2012; Yu et al., 2013) which would likely further increase [N2O].
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Figure 6.10 - Relationship between observed UK estuarine N20O saturations and TDN

The Clyde surface data is indicated by black circles and the near-bed by brown squares. Data for other
UK estuaries (Humber, Tamar, Tay, Tees, Tyne, Forth, Conwy, Stour, Orwell, Deben), were from (Dong et
al., 2005; Barnes and Upstill-Goddard, 2011) and indicated by a grey triangle. Data for the Colne
estuary were from (Dong et al., 2002) and indicated by a purple diamond. The N0 saturation is 4.4
times higher compared to TDN for the Clyde near-bed data compared to the other estuaries and similar
to that for the Colne estuary noted for the occurrence of denitrification.

6.4.4 High nutrients and low oxygen are driving N2O

It is widely reported that in fully mixed estuaries where a turbidity maximum forms, that the
SPM supports nitrogen processing by nitrification (or coupled nitrification-denitrification) in
the water column (Law et al., 1992; Abril et al., 2000; Barnes and Upstill-Goddard, 2011; Zhu
et al., 2018). The Clyde estuary does not experience a turbidity maximum, and turbidity
caused by SPM was low. Additionally, there was no correlation between turbidity and N,O in
the estuary but a very strong correlation between N,O and DO. This result from the Clyde
suggests that the positive correlation between turbidity and N.O may be promoted by high
SOD and the movement of nutrients together with the sediment that forms the turbidity
maximum, rather than driven by nitrogen processing on the sediment surface. Measurements
of DO in the Forth (Barnes and Upstill-Goddard, 2011) showed a strong negative exponential
correlation between DO and turbidity and a strong negative linear correlation to between DO
and NyO, although DO was not measured in other estuaries, supporting this possible
explanation. Expanding survey methodologies to measure dissolved oxygen and SOD could
provide important insights into GHG production mechanisms in estuaries.
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The N,O saturation was shown (Barnes and Upstill-Goddard, 2011) to be a function of
estuarine TDN load for the surface waters of six inner estuaries and supports the use of
global-scale N,O models that express N,O emissions as simple linear functions of river-borne
dissolved inorganic nitrogen (DIN). This result is supported by surface measurements in other
estuaries (Dong et al., 2005). However the [N,O] for the lower saline layer in the Clyde and
also the Colne (Dong et al., 2002) was over 4 times higher, compared to the TDN load. This
indicates that increased production of N;O can occur under low oxygen and high nutrient
conditions. N,O is a powerful, long-lived GHG, which makes it important to take action to
reduce both nitrogen sources and the amount of N,O produced from these sources (Murray et
al., 2015). Taking steps, not only to reduce estuarine nutrient loading but to remove sources
of estuarine hypoxia are important not only for estuarine health but to significantly reduce
estuarine N,O production. Strong stratification can cause bottom hypoxia (Park et al., 2007;
Muller et al., 2016) making stratified estuaries more suspectable and worthy of further study.
In the Clyde [TDN] reached 7.4 mgl?, higher than reported for most estuaries (Barnes and
Owens, 1998), and occurred during a period of low river flow and reduced estuarine flushing.
Climate models predict longer periods of drought in summer but estuarine mixing and
recovery rates are poorly understood (Robins et al., 2016). These summer droughts will likely
increase the number of estuaries susceptible to hypoxia, concentrating nutrients and
increasing N,O evasion.

Total estuary GHG evasion can be difficult to estimate for a stratified estuary, where the GHG
in the lower layer are higher than for the surface. The stratification restricted the nutrients
and GHGs passing between layers in the inner estuary, although when mixing does occur due
to turbulence, high wind or storms, GHG release to atmosphere from the lower layers would
be expected (Tait et al., 2017; Gelesh et al., 2016).

Conclusions

There were two important and unique aspects of this survey approach to identify sources and
controls of estuarine GHG in the urban Clyde estuary. Firstly, measuring in both the upper
fresh and lower saline layers of a stratified estuary enabled the production processes in each
layer to be identified. Secondly use of a three-pronged survey approach which measured over
different spatial and temporal scales, including contiguous data from the river to estuary that
allowed understanding of the riverine-to-estuary transition zone, data throughout tidal cycles
that helped delineate short-term variation, and data longitudinally through the estuary during
different river, tidal and seasonal conditions that enabled longer-term changes to be
distinguished.

The Clyde estuary exhibited both high [N,O] with N,O being produced primarily by nitrification
in the upper freshwater layer and denitrification in the lower saline layer. The amount of N,O
in the lower layer was four times higher relative to the available TDN, compared to other UK
estuaries (Dong et al., 2005; Barnes and Upstill-Goddard, 2011) and the strong (R? = 0.96)
inverse exponential correlation between N,O with DO, emphasised the importance of low
oxygen conditions associated with high [N,O]. Our analysis indicates that the UWW directly
entering the estuary was a major source of nutrients and a contributor to low oxygen
conditions. Low [DO] were exacerbated during low river flow events, increasing estuary
flushing times and resulting in the processing of most of the nutrients within the inner
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estuary. Emissions of N,O could be lowered by reducing nutrients from UWW and increasing
estuary oxygenation, for example by natural aeration or turbulence. This high level of
nutrients processing in the inner estuary could result in a build-up of nutrients within the
estuary sediments, resulting in future nutrient release further contributing to hypoxia
(Valdemarsen et al., 2015). In the Swan River, Australia, physical oxygenations of the highly
stratified estuary was tested to alleviate hypoxia (Larsen et al., 2019b) but in most estuaries
removal of anthropogenic nutrient inputs, as UWW inflows add oxygen scavenging nutrients
(Conley et al., 2007), would reduce N,O and restore estuary environments.

Production of CH, in the upper estuary was high compared to other UK estuaries (Middelburg
et al., 2002; Upstill-Goddard and Barnes, 2016; Harley et al., 2015) but highly variable. This
study indicates that salinity above 0.5ppt stimulated methanogenesis, which continued until
salinity reached around 5ppt. However, once the salinity was sustained above 5ppt for
around 10 days methanogenesis reduced by about 50% and after 30-40 days by about 90%,
explaining some of the high CH,4 variability in this and other estuarine studies. This apparent
impact of salinity persistence on methanogenesis may be dependent on local factors such as
sediment porosity and permeability, which could vary within and between estuaries.
Methanogens in the surface waters were associated with suspended sediments and high river
flows. While the mechanisms that causes changes in methane production with salinity
persistent are not well understood, future studies may benefit from microbial community
analysis to help further illicit GHG production controls. Methanogens and SRB coexist and
compete for resources and may also exists in a symbiotic system with typically methanogens
dominating in fresher waters and SRB outcompeting methanogens in more saline waters (Shi
et al., 2020;, Purdy et al., 2003; Dar et al., 2008), with changing salinity impacting the activity

within microbial communities.
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6.6 Supplementary information
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Figure 6.A.1 - Clyde transect data for CET survey CET1 to CET8 for locations L1 to L10

Panel A indicates Surface data and Panel B Near-bed data. Plot 1 indicates CHs-C concentration, plot 2
N20-N concentration, plot 3 conductivity and plot 4 dissolved oxygen. The tidal weir is the interface
between the river and estuary and the distance is seawards.
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the river and estuary and the distance is seawards.

Page | 156



Greenhouse gases from human-impacted rivers and estuaries

7 Discussion

7.1 GHG “hotspots’ in the Clyde catchment, river and estuary

Across the human-impacted Clyde catchment, river and estuary, the source-to-sea study

methodology helped identify several GHG ‘hotspots’. All the identified hotspots were

associated with anthropogenic impacts, with GHG concentrations low in the semi-natural

environment.

The main sources of GHGs in the riverine catchment associated with nutrient inputs included:

a)
b)
c)

d)

e)

Nutrients entering the water from UWWTP outflows, which resulted in point source in-
water generation of CHslinked to TP and TDN, and CO; and N,O linked to TDN.

Nutrients entering streams and rivers from agriculture (arable and pastoral) which were
a major diffuse source of in-water generation of N,O and CO; linked to TDN.

Nutrients entering streams from badly run septic tanks were a source of N,O.

Mine water outflows from disused coal mines where DOC probably from groundwater
had been converted to CO, and CHs. The CHs may have significantly increased where
sewage sludge was used for mine land restoration.

Mine water outflows from disused coal mines where TDN probably from groundwater
was a source of N,O generated both in the anaerobic mine environment and on
reoxygenation of the MWs at the surface.

There were additional sources of GHGs in the riverine catchment associated hydrological-

environmental interactions. These processes often interacted with nutrients to further

increase GHGs and occurred:

a)

b)

c)
d)

f)

At locations in the river where physical, chemical and /or biological processes resulted in
low riverine DO.

At locations in the river which were deeper, wider and hence slower flowing than the
upstream river section, resulting in deposition of sediments and lower oxygen levels
including areas associated with the dredging of river gravel.

As a result of higher temperatures.

As a result of high rainfall increasing run-off from the land, increasing levels of nutrients,
sediments and DOC entering the rivers and streams and increasing in CO,, CHsand N;O.

As a result of low water levels concentrating point sources of nutrients leading to
eutrophication, low DO and high residence times and increasing CO,, CHsand N,O.

At MW outflows from disused coal mines, which were point sources of thermogenic CH,,
thermogenic CO, and fossil origin CO, from the dissolution of limestone. These
processes were driven by the water flow though the abandoned mine and the
subsequent dissolution of pyrites.

The main sources of GHGs in the Clyde estuary were similar to those in the rivers and streams

in the Clyde catchment but exhibited some distinct and interesting differences and included:

a)

High river flow conditions linked to high turbidity and DOC in the surface estuary waters
increased [CHi]. Where high [CH4] were generated in the river just prior to the estuary
associated with high nutrients and low water levels, these did not persist into the
estuary.
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b) Salinity increases above 0.5ppt stimulated methanogenesis in the surface waters and
could increase the [CHi] by an order of magnitude. High [CH.] continued until the
salinity exceeded a threshold (around 5ppt).

c) Salinity persistence, the time the salinity remained above a threshold (in the order of 5
ppt), caused methanogenesis from the bed as measured by near-bed [CH4] to decline
exponentially and was reduced by about 50% after 10 days. Methanogenesis was
reinvigorated after fresh water flushing of the bed.

d) Low oxygen conditions in the estuary’s lower saline layer resulted in denitrification and
the production of > 4 times the amount of N,O per unit available nitrogen.

e) Nutrients entering the estuary from UWWTP outflows resulted in a major point source
of in-water generation of N,O linked to TDN.

f) Nutrients entering the estuary from UWWTP outflows in conjunction with low river
flows resulted in high processing of nutrients within the estuary, eutrophication and
increased [N,O].

Almost all these sources for GHGs correspond to other types of pollution impacting
environmental and human health. Mine outflows and sewage sludge add heavy metals to the
environment, and agriculture and UWW, including from badly run septic tanks, add nutrients
which can contribute to eutrophication in rivers and estuaries. UWW can add pathogens and
a wide range of other pollutants and agriculture can add chemicals or chemical fertilisers.
Hence actions to reduce aquatic GHGs could also reduce aquatic pollution more broadly.

GHG sources and controls (process understanding)

One of the key objectives of this work was to elucidate the sources and controls of GHGs over
an anthropogenically impacted catchment and compare this with natural sources. However
where it was possible to distinguish natural or semi-natural GHG sources, correlations with
measured water properties were generally poor. The identified GHG processes are described
for fresh, mine and saline waters.

7.2.1 Greenhouse gas processes in freshwater

Riverine dissolved GHG, nutrient and chemical concentrations all increased from source-to-
sea, in line with the increasing percentage of urban and agricultural land cover. The increase
in GHG concentrations between the semi-natural and urban environment was on average
three times higher for N,O and CO,, but twenty times higher for CHa, suggesting the significant
nature of CH4 as an aquatic urban marker. In the lower urban catchment strong correlations
occurred between all GHGs and water physiochemical properties, suggesting that removal of
contaminants from river systems, could lower GHG concentrations. The anthropogenic
sources of UWW and agriculture were identified to increase GHGs. While UWW outflows
were a major point source of CH, linked to TP and TDN, and N,O linked to TDN, the results
indicated that the CHs and the N,O were not passed from the UWWTP but generated in the
river as a result of mixing of the two water streams.

The seasonal patterns of [CH4], [CO2] and [N:O] changed between the semi-natural
environment in the upper catchment and urban environment in the lower catchment. In the
semi-natural upper catchment GHGs were higher in winter, while in the lower urban
catchment, GHG were considerably higher in summer. The GHGs in the urban catchment
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were dominated by point source inputs and their impact increased during low river flow and
high temperature conditions. This seasonal change in GHG concentrations may be related to
changes in microbial community composition and activities, which have been observed
downstream of UWWTP (Zhou et al., 2022; Beaulieu et al., 2010). The abundance of sediment
microbial community have been found to be correlated with EC, organic matter, TP, DO and
TN (Feng et al., 2022). This suggests microbial adaptation to changing conditions. High CH, in
many shallow lakes is produced by eutrophication, mostly driven by TP and TDN enrichment
and sediment microbiome (Davidson et al., 2018; Aben et al., 2017; Nijman et al., 2022). This
mechanism is less likely in river ecosystem due to continual flushing, but during low water
levels, increased residence times in combination with the high nutrient concentrations from
UWW appear responsible for eutrophication and significant CH, generation. This may be
enabled by electron donor availability in the receiving waters.

Three major hydrological-environmental interactions were found that increased GHG
concentrations in addition to those directly attributed to the nutrient increases including low
oxygen conditions, higher temperatures and changes in river geometry.

Low oxygen conditions, which can promote both methanogenesis and denitrification, were
observed to be correlated with increased [CH4], [CO,] and [N,O]. Respiration, photosynthesis
and decomposition can create inverse relationships between DO and CO; dependent on their
balance in the water column (Aho et al., 2021). The lower urban river had the highest
correlations, with GHGs increasing exponentially with reducing oxygen levels. The [CH4] were
more highly correlated to [DO] compared to DO%, while [CO;] and [N,O] were more highly
correlated with DO% compared to [DO]. This suggests that CH, is primarily influenced by the
amount of oxygen in the water with temperature having a smaller impact compared to CO;
and N;O. High turbulence causes oxygenation of the water and out-gassing of the
supersaturated GHGs but it also produced conditions less likely to promote GHG production,
making it difficult to fully distinguish mechanisms associated with low oxygen conditions.

In temperate climates higher temperatures are typically correlated with reduced rainfall
increased evaporation and higher plant water usage (UKCEH, 2022), all resulting in low river
flows making the impact of high temperature and low river flow difficult to distinguish. The
use of a load appointment modelling enables the effect of flow to be distinguished. The direct
effect of temperature did not have a large impact on GHG concentrations, independent of
that associated with low river flows despite the fact that high temperatures are associated
with increased microbial activity and often found significant (Wang et al., 2021, Herrero
Ortega et al., 2019 and Rosentreter et al., 2021). In the case of CH, both methanogenesis and
methanotrophy can both increase with temperature and could be in balance, masking the
independent effects (Grossart et al., 2011). Studies undertaken in tropical climates where
increasing rainfall and temperature are correlated, also do not find temperature a significant
driver for GHG concentrations (Yu et al., 2017). Flow and hence nutrient concentrations were
more significant than the direct impact of temperature in accounting for GHG variability.

Changes in river geometry that reduced river velocity and increased water residence times
compared to the upstream river, resulted in deposition of sediments and nutrients and
reduced out-gassing and oxygenation. These slow sections of river exhibited disproportionally
higher GHG concentrations, with the largest increases occurring in low flow conditions, which
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also resulted in further decreases in DO%. However, proportioning the cause of this increase
between; increased residence time, reduced outgassing due to lower turbulence, lower
oxygen conditions, or deposition of sediments and nutrients as a source of GHG production is
challenging. Their point source behaviour may suggest the creation of anaerobic sediments
was the most significant impact. Both the increased residence time (Zarnetske et al., 2011)
and low oxygen level (Frey et al., 2020; Rosamond et al., 2012) will act to increase N,O, by
promoting denitrification over nitrification and increasing the proportion of N,O per unit TDN.

Concentrations of CO, were less variable than those of N,O and CH; and were thought to be
influenced by carbonate buffering as the MW inflows added significant amounts of DIC from
the dissolution of limestone, increasing alkalinity, which masked other influenced on [CO,].
For example, primary productivity can be maintained with diminished CO,, in high alkalinity
waters by converting bicarbonate to CO; (Aho et al., 2021) and mineralisation of DOC to CO,
would change the carbonate balance increasing bicarbonate concentrations. High alkalinity
waters are likely to result in increased CO, emissions over what might be estimated from the
measured CO, concentrations, with outgassing events triggering changes in the carbonate
balance.

7.2.2 Greenhouse gas processes in mine water

Across the measured MW locations in the Midland Valley 51% of the CHs was of modern
biogenic origin, 41% from thermogenic origin and 8% from hydrogenotrophic methanogenesis
of coal. Conversely 65% of the CO, was derived from limestone, 20% from modern terrestrial
organic carbon and 15% from coal related carbon probably thermogenic CO,. Some MW
outflows were high in N,O and N,O was additionally generated on oxygenation of reduced
nitrogen in the MW outflows likely by nitrification. The relationships derived for the six
different GHG sources provided insights into the MW GHG generation processes.

Modern biogenic CH4 was likely produced from modern carbon sources dissolved in the MW.
This process was inhibited by increasing [SO4*] most likely as SRB can outcompete
methanogens, by two orders of magnitude for resources, indicative of SRB having a higher
substrate affinity (Lovley and Klug, 1983; Kristjansson and Schonheit, 1983). This suggests that
methanogenesis occurred after the dissolution of pyrites within the anaerobic mine
environment, rather than in the groundwater before the water entered the mine.
Alternatively Fe(lll) and Mn(IV) reducers can interfere with the metabolism of methanogens
by competing for organic carbon, (Megonigal et al., 2004). However, while both Fe and Mn
are readily available in the MW, they are only soluble in their reduced state making this
mechanism less likely.

Thermogenic CHs was present in all MW measured, suggesting that even after a mine was
flooded, desorption of thermogenic CH, still occurred despite the low solubility of CH,4
(Fernando, 2011). Any remaining thermogenic CHs would be in deeper coal seams and may be
dissolved due to the higher hydrostatic pressure (Pruteanu et al., 2017). There was no
statistically significant correlation with time since abandonment, suggesting an equilibrium is
reached after the mine is flooded and that the CH, reservoir is large relative to the amount of
CH4 dissolved in the MW. The best predictor for thermogenic CHs was pH which may impact
the dissolution processes at the mine walls.
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Hydrogenotrophic methanogenesis of coal occurs due to metabolism of short and long-chain
alkanes and polyaromatic hydrocarbon (Gonzalez Moguel et al., 2021). This mechanism was
not common in the Midland Valley and would likely be more common in lower rank coals
(Iram et al., 2017). There was insufficient data to understand the mechanism.

Dissolution of limestone to produce CO, was the major source of CO, in the MW. The
mechanism involved dissolution of FeS, to form sulphuric acid and this acidic environment
accelerated the dissolution of limestone to form CO; (Vesper et al., 2016). As limestone was
dissolved the ratio of dissolved CO,, H,CO3; and HCOs™ changed due to carbonate buffering
which acts to increase the pH. When the MW reached the surface, it had typically reached a
pH of 6. If the CO, was evaded quickly to atmosphere such as in a cascade, some of the HCOs
was converted to CO; increasing the potential release of the CO, to atmosphere before the
effect of carbonate buffering resulted in an increase of pH.

The modern terrestrial organic carbon-based CO, was likely derived from a terrestrial DOC
source. Most MW had low levels of remaining DOC, suggesting that DOC from groundwater
had been converted, most likely to CO, through soil respiration. This implied biogenic CO, was
being produced prior to the organic carbon passing into the anaerobic part of the mine. This
could be facilitated by the longer mine residence times compared to fluvial systems which
would promote this conversion (Winterdahl et al., 2016).

Coal related CO,, probably thermogenic, is associated with coal seams (Iram et al., 2017). The
coal-based [CO,] was inversely correlated with time since abandonment and reduced to a low
stable level (5 mg I"') after 100-200 years. Depletion of the thermogenic CO, reservoir
probably occurred associated with the higher solubility of CO, compared to that of
thermogenic CH,4 enabling significant quantities to escape via the MW, depleting the source.

N,O produced within from MW was probably related to TDN sources within the groundwater
and converted to N;O via denitrification within the anaerobic mine environments, supported
by longer residence time. Remaining TDN, in a reduced state, could be converted by
nitrification to N,O on oxygenation of MW at the surface.

There was no correlation between the different GHG sources including CO; and CH4 from
modern DOC, suggesting generation of all GHG sources were driven by different factors.
Considerable variation in GHG concentrations, did occur over time, particularly for CH,s and
N,O, likely related to changes in hydrological conditions, which would impact flow rate, MW
residence times and DOC and TDN concentrations in the groundwater. However insufficient
data were available to understand how sources were impacted by hydrological changes.

7.2.3 Methane processes in estuaries

The biggest factor impacting [CHs] within the Clyde estuary was estuarine salinity. This
influenced [CH4] to such an extent that other potential relationships with, for example,
oxygen, temperature and nutrient concentrations were not statistically significant.
Comparison of data across UK estuaries suggested that [CHs] were impacted by nutrient
concentrations from UWW entering the estuary systems. UWW inflows likely contributed to
the resources required for methanogenesis over longer timescales (Burgos et al., 2015), by
build-up within the estuarine sediments.
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In the Clyde estuary upper freshwater layer, methanogenesis was invigorated by salinity
increasing above 0.5 ppt and reduced when salinity exceeded 5ppt. The surface [CH;-C]
exceeded 65 pg I* with the highest concentrations occurring during high river flow events.
Methanogenesis in the surface layer was supported in the water column by DOC and turbidity
both associated with high river flows. High [CH4-C] from the River Clyde, caused by high
nutrient concentration, typically occurred during low river flow conditions. The maximum
[CH4-C] concentration measured in the River Clyde was 44 ug I, but these occasions of high
[CH4-C] did not persist into the estuary, indicating that transfer of CHs4 from the river was not
an explanation for high surface estuarine [CHa).

In the estuary lower saline layer [CH4-C] exceeded 130 pg I'* and were highest after freshwater
flushing events. The near-bed [CH4-C] were significantly impacted by salinity persistence. The
increasing duration of saline waters, above a salinity threshold (> 5 ppt), reduced the near-bed
[CH4] and presumably the CH, generation exponentially (50% after 10 days). However, the
near-bed methanogenesis was rapidly reinvigorated (< 1 day) by freshwater flushing events,
presumably by reducing the salinity to more optimum levels.

In the stratified Clyde estuary, the observations that surface freshwater layer [CH4] could be
higher or lower than in the near-bed saline layer and that the influences on [CH4] were
different in the surface and near-bed layers indicated that diffusion across the pycnocline was
not an explanation for surface [CH4] and the surface and near-bed [CH.s] were independent
and likely impacted by different processes. Studies of methanogenesis in the temperate south
of Australia in a stratified estuary suggested acetoclastic production occurred in the fresh
surface waters and hydrogenotrophic production in the saline bottom waters (Tait et al.,
2017). Alternatively investigation of methanogenesis in sediments in a tropical estuary in
India, found that acetoclastic methanogens were abundant at bottom layers of the sediments
and methylotrophic methanogens in top layers of the sediments (Reshmi et al., 2015).

It is likely that in permanently saline waters, methanogens are outcompeted for resources by
other microbial communities, the most likely being SRB with rates of methanogenesis
estimated at two orders of magnitude lower than rates of sulphate reduction, probably
indicative of sulphate-reducing bacteria having a higher substrate affinity for H, (Kristjansson
and Schonheit, 1983; Lovley and Klug, 1983; Sela-Adler et al., 2017). In estuaries the frequent
changes between semi-permanent saline intrusions and freshwater influxes may act to
alternate dominance between methanogens and SRB. Acetoclastic methanogens have been
found to favour higher salinity and methylotrophic methanogens favour highly reducing
conditions and higher pH (Reshmi et al., 2015). Conversely mesophilic, hydrogenotrophic and
methylotrophic methanogens have been found to show high-salinity tolerances, but
acetoclastic methanogens much lower tolerance (Blake et al., 2020). While these results do
not provide a consistent or complete picture, they suggest that different methanogens have
different salinity tolerances and may inhabit different areas of the bed. This could result in
the slow decrease of methanogenesis with increasing salinity persistence, as the interstitial
waters in estuarine muds, which have low porosity and permeability, may take days to
equilibrate with the overlying waters (Chapman and Wang, 2001). Rapid reinvigoration of
methanogenesis could occur on fresh water flushing if methanogens in surface sediments
favoured lower salinity conditions. As these methanogen communities may vary by climate
and sediment types, the relationship with salinity might be expected to vary on a similar basis.
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High variability in [CHs] have been reported within and between estuarine systems
(Middelburg et al., 2002; Upstill-Goddard et al., 2000; Upstill-Goddard and Barnes, 2016;
Bange et al., 1998; Bange, 2006) although this had often been attributed to the presence of
mud flats (Rosentreter et al., 2021; Upstill-Goddard and Barnes, 2016), seasonal changes
(Harley et al.,, 2015; Bange et al., 1998; Burgos et al., 2015) and methanotroph activity
(Middelburg et al., 2002), with little change over the tidal clyde (Li et al.,, 2021). River-
dominated, stratified estuaries were found to be more erratic compared to well mixed
estuaries (Middelburg et al., 2002). However, the limited data available for some surveys
makes the impact of salinity persistence in stratified estuaries impossible to compare. Many
of the mixed estuaries (Middelburg et al., 2002; Upstill-Goddard and Barnes, 2016) showed a
rapid decline in [CH4] with increasing salinity, consistent with the salinity persistence model.
However, several of the mixed estuaries had high [CH4] in the middle of the estuary, often
attributed to tidal flats. The Tyne estuary experienced a mid-estuarine [CH4] peak (Upstill-
Goddard and Barnes, 2016), which was linked herein to increasing tidal range associated with
high SPM (Brown et al., 2022). However, spring tides at low tide could result in removal of
saline water from the estuary providing an opportunity for freshwater flushing which could
reinvigorate methanogens resulting in a mid-estuary [CH4] peak. Turbidity, flushing linked to
salinity persistence and tidal flats, which may have different salinity to the main estuary, may
all influence mixed estuary [CHa).

The availability of labile carbon concentrations in the bed-soil could influence [CH,4] (Sha et al.,
2011). Carbon was measured from sediments taken by sediments grabs during CET6 and the
total organic matter (including OC and labile and recalcitrant organic matter) increased from
L1 to L4 where it reached >10% and it remined >8% until L6 and then declined. This pattern
could have occurred due to the interaction of saline and freshwater flows on the output of the
large UWWTP at L5 resulting in an area of deposition. It was observed that a restriction in the
inner Clyde estuary at L3 caused deposition of organic matter, particularly leaves, and resulted
in bed sediments high in decomposing organic matter, suggesting L3 is the location for river-
sourced deposition. However, correlations between [CH4] and labile carbon concentrations in
the bed are secondary to salinity gradient and not statistically significant in this data.

There was no significant impact of temperature on [CH4], however climate change models also
predict more-frequent flushing events in winter and longer periods of drought in summer
(Robins et al., 2016). Flushing events would reinvigorate methanogenesis and provide SPM,
while droughts would increase saline intrusions supressing methanogenesis. As such the
overall impact of climate change on estuarine CH, is unclear.

7.2.4 Nitrous oxide processes in estuaries

The biggest factors influencing N,O emissions from the stratified Clyde estuary were low
oxygen conditions and elevated nutrient loading. Untreated storm water entering the Clyde
estuary has been significantly reduced by a storm water storage system called the Shieldhall
tunnel, made operational in 2018 (Kling et al., 1991). However, UWWTP outflows for over
600,000 ppe entered the estuary directly and have neither nitrogen nor phosphate removal,
with this water primarily entering the estuary’s upper layer. Within the stratified Clyde
estuary [N20-N] exceeded 4.0 pg I'* in the upper freshwater layer and 5.9 pg It in the lower
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saline layer, with some differences in the processes impacting N,O in the surface and lower
layer.

The N2O emissions from the Clyde estuary were high linked to the elevated nutrient loading,
eutrophication and oxygen depletion and further exacerbated by the ability of these nutrients
to cause hypoxia. During periods of medium to low river flow most of the nutrients were
processed within the estuary, rather than output to the sea. Nitrogen processing in the upper
layer was primarily via nitrification, as indicated by the significant correlation with NHs*. In the
lower-saline layer / bed both nitrification and denitrification occurred, but significant nitrogen
processing was via denitrification, prompted by the low oxygen conditions and linked to NOs".
There was a significant inverse exponential correlation between N,O and dissolved oxygen in
the lower layer, with hypoxia driving elevated denitrification. When compared with data
measured for other UK estuaries (Dong et al., 2005; Barnes and Upstill-Goddard, 2011), N>,O
saturations were 4.4 times higher in the lower layer and 1.6 times higher in the surface layer
compared to the available TDN.

The Clyde estuary does not experience a turbidity maximum, and turbidity caused by SPM was
low. Additionally, there was no correlation between turbidity and N,O in the Clyde estuary
but a very strong correlation between N,O and DO (R? = 0.96). This result is in contrast with
data from estuaries with TMZs, where it has been assumed that the SPM supports nitrogen
processing by nitrification (or coupled nitrification-denitrification) in the water column (Law et
al., 1992; Abril et al., 2000; Barnes and Upstill-Goddard, 2011; Zhu et al., 2018). The data from
the Clyde suggests that this positive correlation between turbidity and N,O may be promoted
by high SOD and the movement of nutrients together with sediments, rather than driven by
nitrogen processing on the sediment surface. This was supported by measurements of DO in
the Forth (Barnes and Upstill-Goddard, 2011) which showed a strong negative exponential
correlation between DO and turbidity and a strong negative linear correlation to between DO
and N,O. Expanding survey methodologies to measure dissolved oxygen and SOD could
provide important insights into GHG production mechanisms in estuaries. Other researcher
reported lower [DO] at night, (Rosamond et al., 2012; Yu et al., 2013) which would likely
further increase [N20O] above those measured in daylight for the Clyde estuary.

Implications for policy makers

To effectively reduce anthropogenic GHGs from the riverine and estuarine environments it is
important to understand their sources. For the River Clyde, all significant sources of GHGs
were associated with high concentrations of nutrients and were influenced by anthropogenic
factors. Hence reducing nutrient loading, industrial and legacy contamination and agricultural
run-off would ultimately act to reduce GHG emissions. While many UWWTP in the River Clyde
have phosphorous removal, our measurements suggest that levels of effectiveness vary
between plants, suggesting improvement is possible. Additionally none of the UWWTP in this
area had nitrogen removal (European Commission (Directorate General Environment), 2016).
Riverine environments with low oxygenation, increased river residence times and high levels
of nitrogen, should be prioritised for nitrogen removal from UWWTP to have the largest
impact on N,O reduction. Higher GHG concentrations were associated with both low and high
river flow. Low river flows due to increased residence times, reduced oxygen levels and
increased concentrations of point source nutrient inputs, and high river flows due to increased
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run-off adding nitrogen and carbon to rivers. Actions, particularly nature-based solutions, to
increase upland water retention and ground penetration have been investigated to mediate
both flooding and drought (Hewett et al., 2020). These approaches include activities such as
installation of leaky dams, peatland restoration and woodland creation, and could reduce both
hydro-meteorological hazards and in-water GHG generation.

Across the UK there was a significant correlation between UWW inputs and estuarine GHG
production. For the Clyde estuary, a significant source of GHGs was associated with high
concentrations of nutrients coming from UWW output directly into the estuary. These
nutrients are primarily processed within the estuarine environment and not dispersed as sea,
due to the extended flushing times. In the Clyde [TDN] reached 7.4 mgl?, higher than
reported for most estuaries (Barnes and Owens, 1998), which occurred during a period of low
river flow and reduced estuarine flushing. High nutrient processing within the Clyde estuary
likely contributed to in-water generation of GHG, and nutrient build up within the estuary bed
increasing methanogenesis and denitrification. Reducing direct nutrient inputs would support
estuarine recovery, but full recovery may take time due to the likely high levels of nutrient
storage within the bed. Taking steps, not only to reduce estuarine nutrient loading but to
remove sources of estuarine hypoxia are important not only for estuarine health but to
significantly reduce estuarine N,O production. Strong stratification, which occurred in the
Clyde, can cause bottom hypoxia (Park et al., 2007; Muller et al., 2016) making stratified
estuaries a larger source of GHGs per unit nutrient availability. Climate models predict longer
periods of drought in summer but estuarine mixing and recovery rates are poorly understood
(Robins et al., 2016). These summer droughts will likely increase the number of estuaries
susceptible to hypoxia, concentrating nutrients and increasing N,O evasion across estuaries
making it even more important to tackle direct estuarine UWW nutrients inputs.

Agricultural run-off caused significant increases in GHGs, primarily from diffuse sources.
Additional measurements showed a large proportion of agricultural run-off entered the Clyde
via the numerous field drainage ditches and small streams, which could be treated as point
sources to make remediation easier. Approaches to reduce run-off and pollution via drainage
ditches could include: (1) use freshwater wetlands for nitrogen and phosphorus removal (Land
et al.,, 2016) as wetlands have been shown as effective for diffuse run-off (Ockenden et al.,
2012) and could be effectively deployed on streams and ditches; (2) use of biochar filtrations,
an effective technology for both cleaning of wastewater and run-off water. Its capabilities
include removal of pesticides, organic chemicals and nutrients. However, a practical approach
for application to small streams is needed to reduce the required residence times. After use
the biochar could be redeployed onto farmland supporting carbon sequestration and a
circular economy, recycling nutrients and further preventing run-off (Catizzone et al., 2021,
Phillips et al., 2022, Kamali et al., 2021); (3) Riparian buffer zones are recommended between
crops and rivers and help reduce run-off during high rainfall. In Scotland, General Binding Rule
20 requires a buffer strip at least 2m wide to be left between surface waters and wetlands and
cultivated land (SEPA, 2009). This rule was not set with the objective of reducing nutrient
leeching. Further research demonstrates that woody vegetation is more effective than shrubs
or grass at preventing nutrient leaching to rivers, with a 60m buffer strip effectively removing
all nutrients (Aguiar et al.,, 2015). While this would take considerable agricultural land,
approximately 70% of nutrients are removed by a 12m strip. This could stabilise river banks,
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reduce erosion and sediment loss, increase biodiversity and wildlife areas and provide shade
making the riverine system more robust to climate change (Cole et al., 2020).

Mine water pollution from both active and abandoned mines is a global pollution problem
both impacting environmental and human health and requires more government intervention
globally at the planning, operational and restoration stages to ensure pollution does not occur
(Carvalho, 2017). Monitoring of MW discharges is required which should include not only
physiochemical water properties and heavy metals but also GHG emissions. However
preventative technologies such as coating the walls of the mines and hence the pyrites while
in operation, as each area is mined and before allowing flooding, could be the most viable
option for preventing dissolution of both metals and GHGs from future abandoned mines (Liu
et al., 2017). Mines could be filled with biochar from appropriate waste sources. A flooded
repository for carbon storage would reduce the water flow in abandoned mines, may prevent
any degradations of the biochar and could help with absorption of metals (Gopinath et al.,
2021) that do leach into the water but is unlikely to be effective for remove of all metal
contaminations from mines, unless concentrations can be reduced.
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8 Conclusions

8.1 Significance of this research

8.1.1 Novel research approaches

Several of the research approaches used within this investigation were novel or different from

those previously reported in the literature and were highly beneficial to understanding the

processes and mechanisms of GHG generation, these included:

1.

The source-to-sea study approach used to support identification of GHG sources was very
effective in the Clyde catchment, with its transitioning land cover from semi-natural
through agricultural and legacy industrial to highly urban. As GHGs were not conserved
but out-gassed in turbulent riverine sections this method was effective at tracing changes
and identifying GHG sources and sinks. It showed how correlations on a catchment scale
can be misleading due to variable outgassing and residence times which likely contributed
to the high variability in GHG-to-nutrient relationships reported in the literature.

The use of load appointment modelling to distinguish point and diffuse sources by their
degree of dependence on flow was effective in confirming diffuse GHG sources from
agriculture and point GHG sources from UWW and MW. This approach enabled the two
main, but highly correlated, seasonal impacts of high temperature and low water levels
that commonly occur in temperate latitudes to be distinguished. Not accounting for the
correlation between temperature and water level or rainfall may account for the high
reported variability on the impact of temperature on CHg, reported in the literature.

The measurement of a high number of water physiochemical properties allowed source
fingerprinting of different inflows, which enabled detection of contaminant sources even
when the inflows were not physically identified. This approach supported identification of
contamination from legacy industry, including mine water, steel slag and paper making
and other active land management activities including road salting and the addition of
potassium-based fertilisers.

The application of radiogenic and stable carbon isotope (A¥C and 6*C) measurements to
CH, and CO; dissolved in water flowing from abandoned mine adits enabled three
different sources of both CH, (modern biogenic, thermogenic and coal-based
hydrogenotrophic) and CO, (limestone, coal-based and from modern terrestrial organic
carbon) to be distinguished. The [CH4] and [CO;] varied considerably dependant on the
MW location and the ability to distinguish the different sources enabled drivers for each
source to be identified. This showed that [SO.%] was the biggest factor negatively
influencing [CH4] by inhibiting biogenic methanogenesis and positively influencing [CO3] by
increasing the dissolution of limestone. This novel work has contributed information
about the sources and controls of GHG from MW and identified the need to quantify and
report this emissions term.

The measurement of all species including metals throughout MW reed pools treatment
systems, enabled the effectiveness of the different reed pool systems to be quantified for
elements other than iron. This work could be extended to cover more treatment systems
across the UK which could help optimise removal of other heavy metals. Coal can be high
in heavy metals (Li et al., 2018; McConnell and Edwards, 2008) and heavy metal removal
options are required globally to reduce environmental impact from MW.

The selection of the Clyde river and estuary system with its tidal weir, which separated the
two distinct habitats of salt and fresh water, allowed clear differentiation of what were
riverine and estuarine processes. The extent of the saline intrusion into most estuaries
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changes daily, based on river flow and tidal conditions, making the impact and interaction
between in-sediment and in-water processes in both the river and estuary difficult to
distinguish. These data across the river to estuary transition demonstrated how factors
that dominated CH,4 production changed between the estuarine and riverine environment.
This previous lack of clarity between river and estuary likely contributed to the variable
interpretations of the causes of surface estuarine CH4; concentrations reported in the
literature.

Measurements of estuary waters both at surface and near-bed, not previously reported,
enabled the processes within the upper fresh and lower saline layers in a stratified estuary
to be distinguished and data from the lower layer supported identification of the impact
of salinity persistence on methanogenesis. Most estuarine studies to date have only
measured the surface layer, even in stratified estuaries. While surface measurements
might be expected to be sufficient to account for GHG losses to atmosphere, when mixing
occurs GHGs from the near-bed layers would be released.

The investigations of estuary processes over both short-term (tidal cycle) and longer-term
(weeks to months) timescales and longitudinally throughout the estuary enabled process
timescales that particularly impacted anaerobic methanogenesis to be distinguished and
provided a mechanism (salinity persistence) that has the potential to explain the highly
variable CH, measurements from estuaries previously reported in the literature.

Increased process understanding

Several of the findings in this research have increased knowledge of anthropogenically

influenced GHG generation in the aquatic environment, which may ultimately help to reduce

GHG generation, these findings include:

1.

The largest increase in riverine GHGs was derived from urban nutrients and the riverine
climate stressors of low summer water levels resulting in increased water residence times
and reduced river oxygenation. These stressors dominated over the direct impact of
temperature, although often highly correlated in temperate latitudes. The removal of
these stressors may enable riverine systems to be more resilient to climate change.

Seasonal patterns of CH4, CO; and N,0 changed between the semi-natural environment in
the upper catchment and urban environment in the lower catchment, with GHG
concentrations higher in winter in the semi-natural upper catchment but higher in
summer in the lower urban catchment. This result suggested that urban inputs,
particularly UWW may be impacting microbiological community composition.

Hydrological-environmental interactions were found that increased GHG concentrations
including: low oxygen conditions, higher temperatures and changes in river geometry
linked to increased water residence times and resulted in increased sedimentation, with
the possibility of nutrient disposition associated with this sedimentation.

Concentrations of CO, were less variable than those of N,O and CH4; where significant
amount of DIC were in the water, from the dissolution of limestone, which produced high
alkalinity and significant carbonate buffering. This carbonate buffering was likely
responsible for the lower variability in CO, concentrations and the reason why nutrients
rather than carbon availability appear to influence CO, concentrations. However,
carbonate buffering may make estimates of CO, released to atmosphere less accurate.

The sources and processes of GHG generations in mine water have not before been
determined. The split of CHs between modern biogenic, thermogenic and
hydrogenotrophic methanogenesis of coal and that of CO; between limestone, modern
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terrestrial organic carbon and coal related carbon, and hence some understanding of the
generations processes allows a better understand of how these GHGs could be reduced.

6. The high level of CHs and CO; derived from mine waters, possibly making up to about 1%
of Scotland GWP and is not currently accounted for in emission reporting including that
from fugitive emissions.

7. The MW outflows are causing a significant loss of rock carbon to atmosphere by
dissolution of limestone, which was primarily linked to sulphate concentrations. There
was no evidence that dissolution of limestone had reduced linked to time since mine
abandonment and it is having a significant negative and likely continuing impact on
climate change. DIC rather than DOC may dominate CO; release from riverine
environments in the UK.

8. All researchers have previously reported highly variable CH; measurements from
estuaries, with no consistent explanations. The impact of salinity and salinity persistence
on CHjestuarine processes is a new insight. CH, generation was invigorated by a small
increase (0.5ppt) in salinity and inhibited when salinity exceeded around 5ppt. CHa
generation at the bed was significantly impacted by salinity persistence with [CH4]
decreasing exponentially with duration the salinity remained above about 5ppt. A 50%
reduction in [CH4] occurred after 10 days but methanogenesis was reinvigorated after high
river flow events transporting fresh water over the estuary bed.

9. The high level of GHGs derived from estuaries was linked to two factors. These included
the lack of N and P removal from UWW entering estuarine waters, due to the assumed
flushing and supposed lack of eutrophication, and the low oxygen conditions induced by
low mixing and high stratification. Many estuaries have high freshwater flushing times,
resulting in most nutrients being processed within the estuary. Where estuarine mixing is
low this can result in hypoxia and significant increases in GHG generation. These
processes were further exacerbated by low river flow, more likely in our changing climate.

8.2 Suggestions for future work

The main questions remaining around GHGs from urban impacted rivers and estuaries
identified as part of this research include:

1. What are the mechanisms for riverine GHG generation associated with the inflow of
Uuww?

From this research it was identified that GHGs particularly CHs and N>O increased because
of UWW inflows with the inference that the mixing of the high nutrient UWW with
electron donors and acceptors in receiving waters could facilitate GHG generation with
the highest correlation to nutrient concentrations. Further investigation including
measurements of both inflows and the combined outflow, including parameters to
determine the degree of mixing and relative flows would enable mechanisms to be fully
understood and help quantity which aspects inhibit and promote in-water generation of
GHGs resulting from mixing of UWW and riverine water.

2. What are the changes to microbial communities around UWWTP outflow and could this
contribute to the generation of antimicrobial resistance?

From this research it was identified that seasonal changes in the patterns of GHG
generation altered from the upstream semi-natural environment to the downstream
urban environment, suggesting possible anthropogenic impact on microbial communities.
This is of high concern especially as the River Clyde and estuary have been reported to
have the highest levels of waste pharmaceuticals pollution within the UK (Wilkinson et al.,

Page | 169



Greenhouse gases from human-impacted rivers and estuaries

2022). High metal concentrations, may also contribute to the promotion of antibiotic
resistance through co-selection when both antibiotics and metals are co-located
conferring resistance to both antibiotics and metals, leading to co-selection of bacterial
strains, or mobile genetic elements that they carry (Pal et al., 2017). The River Clyde and
estuary are also reported to have high levels of heavy metals contamination (Hursthouse
et al., 2003; Jones et al., 2019; Rodgers et al., 2019). These three factors together could
increase the risk of antibiotic resistant bacteria and could make this a priority location in
the UK for the investigation of changes in microbial species around UWW outflows.

Can passive MW treatment be optimised to further remove heavy metals?

From this research it was identified that different MW reed pool treatment systems had
different effectiveness. The measurement of all species throughout a larger range of MW
treatment facilities including reed pools, to understand seasonal impacts; including reed
die-back, temperature, residence time and relative flow rates, could enable the
guantification of the effectiveness of the different reed pool systems and help optimise
this type of passive treatment for different heavy metals, reducing environmental impact.

To determine how salinity persistence impacted estuary bed CH4 production?

From this research it was identified that salinity and salinity persistence impacted
methanogenesis in the water column and in the bed. However, the exact mechanisms of
these processes are not clear and could be related to; the time to equilibrium of
overlaying and interstitial waters, sediment composition and carbon profile, nutrient
processing within the bed sediments, the type of methanogens and their salinity tolerance
or the competing interests of methanogens, sulphate reducing bacteria and
methanotrophs in the estuary environment. Further investigations to support the
guantification of these processes could yield important insights about drivers of GHG
production in other estuary typologies and improve modelling of estuary GHG generation
and budgets which are highly uncertain.

To determine relationships between urban ebullitive and diffusive fluxes?

From this research considerable insights were gained into diffusive fluxes, with CH,
identified as a significant urban maker. However diffusion may be the minor cause of CH,
emissions from urban environments as ebullition can contribute up to 62 - 84% of total
CH,4 fluxes across all inland waters (Zheng et al., 2022). GHG fluxes can be observed
directly using flux chambers or using micrometeorological techniques for which the eddy
covariance method has become the default approach (Levy et al., 2022). These could be
used to quantify which environments have significant ebullitive fluxes. Additionally
continuous concentration sensors have evolved significantly and could help diffusive
estimates to capture temporal changes. These sensors are effective for aquatic CO;
concentrations (Pro-oceanus, 2023), but there are still challenges in making continuous
sensors work for the lower aquatic concentrations of CH, and N;O. Further development
and deployment of these measurement processes could allow more effective GHG
emission estimates.

To determine how diurnal variation in estuaries and rivers impact GHG generation?

From this research several GHG sources, sinks and generation mechanisms were
identified. However, all the measurements made in the river Clyde and estuary were
made during daylight and no account has been made for diurnal variation. Other
researchers report low [DO] during the night, (Rosamond et al., 2012; Yu et al., 2013)
which would likely further increase all GHGs but particularly [N,O] and [CO.].
Quantifications of diurnal changes in GHG generation are relatively few, due to research
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practicalities, and could improve modelling of river and estuary GHG generation and
budgets.

To determine N;O generation mechanism associated with turbidity maximum zones?

From this research estuarine N,O generation was not found to be linked to turbidity, as
suggested by several researcher considering TMZ. It is possible that high [N.O] may be
linked to high SOD rather than nitrogen processing on the sediment surface. Expanding
survey methodologies to measure dissolved oxygen, SOD and sediment carbon loading, to
help distinguish sediment-supported nitrogen processing from high N,O production in low
oxygen or hypoxic conditions could provide important insights into GHG production
mechanisms in estuaries.

Can mine environments be modified to reduce GHG production and the dissolution of
heavy metals and fossil carbon (limestone)?

Many researchers have demonstrated that MW forms a serious threat to human health
and the environment and can directly increase GHGs. However, because the GHG
generation processes occur underground they are difficult to tackle. Investigation of
processes and approaches that could reduce dissolution limestone and metals in flooded
mine environments, particularly by reducing sulphuric acid generation would have a
beneficial impact to reduced GHG generation, particularly CO; from limestone and could
reduce pollution sources globally.
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Sample site 1: L1-T-RCRoger Clench
Semi-natural landscape with some sheep grazing, stream is steep sloped with waterfalls
Sampled from stream bank, no gauging available

f

iew upstream from sampling location iew of sampling location

Sample site 2: L2-C-DRI- Daer Water - reservoir inflow
Semi-natural landscape with some sheep grazing, stream flows into Daer reservoir
Sampled from stream bank, no gauging available

Sample site 3: L3-C-DO - Daer Water - reservoir outflow

Semi-natural landscape with sheep grazing, stream is controlled flow out of Daer reservoir
Sampled from stream bank. Gauging: compensation flow from Daer Reservoir

-

View downstream from sampling location A ’View upstream from sampling location
Sample site 4: L4-T-MW- Midlock Water
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Semi-natural landscape with established farming and extensive sheep and cattle grazing.
Sampled from stream bank, no gauging available

View upstream from sampling location iew upstream to sampling location

Sample site 5: L5-T-CW- Camps Water
Semi-natural landscape with established farming and sheep and cattle grazing,
Sampled from stream bank. Gauging: cmesation flow from Camps Reservoir

View upstream from sampling location iew downstream from sampling location

Sample site 6: L6-T-DW- Duneaton Water at Maidencots
Semi-natural landscape with farming moor and forestry
Sampled from stream bank 400m downstream of SEPA gauge.

’View of Duneaton Water joining River Clyde

View upstream from sampling location

Sample site 7: L7-C-AB - Clyde at Abington
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Semi-natural landscape with establish farm and sheep and cattle grazing and forestry
Sampled from bridge over river, 4m downstream from Abington SEPA station

= 1

View upstream from sampling location iew downstream from sampling location

Sample site 8: L8-C-SY - Clyde at the Symington
Rural landscape with establish farm and sheep and cattle grazing adjacent river,
Sampled from river bank by bridge ( Note 4km downstream from Lamington quarry)

iew downstream from sampling location iew of sampling location

Sample site 9: L9-C-SL- Clyde at Sills of Clyde
Flat pastoral and arable agricultural landscape with small towns and extensive farm land
Sampled from bridge 1.9km meters downstream of Sills of Clyde SEPA gauge

View downstream from sampling location ) View upstream from sampling location
Sample site 10: L10-T-DW- Douglas Water at Happendon
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Pastoral and agricultural landscape with small towns, Mining outflow entering river

Sampled from br/de 5m downstream of Douglas water SEPA gaue welr type

iew upstream from samplin location ' iew of sampling locations and SEPA weir

Sample site 11: L11-C-TM - Clyde at Tulliford Mill
Pastoral and agricultural landscape with small towns (Last stations before falls of Clyde)
Sampled from river bank 200m downstream of Tulliford Mill SEPA gauge

View upstream in low flow conditions iew downstream from sampling location

Sample site 12: L12-C-KB - Clyde at Kirkfieldbank
Pastoral and agricultural landscape with more small towns. Sampled prior to Mouse Water
entermg and 120m upstream of Kirkfieldbank gauge (mostly non-operational)

View downstream from sampling location \ iew upstream from sampling location
Sample site 13: L13-T-MW- Mouse Water
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Pastoral and agricultural landscape with more small towns. Mostly agricultural catchment
with Peat. Sampled from bridge directly before entering River Clyde, no gauge.
(£ : Y G A X P S *

B TR

= -

.26 ~ Lo ! I
iew downstream from sampling location

LN

Bridge sed for sampling

Sample site 14: L14-C-HB - Clyde at Hazelbank

Suburban landscape with more towns covering more area
Sampled from ba downstre gauge
,/"E‘:‘ "}7 . "4 7 = ”

View of sampling location View of outfalls on bank

Sample site 15: L15-T-NW - Nethan at Kirkmuirhill
Suburban and rural landscape near town, sampling locations between two UWWTP
wnstream from'. SEPA river gauge

View of sampling location iew downstream from sampling location

Sample site 16: - L16- C-GB - Clyde at Garrion bridge
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Suburban landscape with significant road network in this area
Sample from Garrion Bridge, flow assumed summed flow of Clyde and Nethan Water

iew downstream during low flow

Sample site 17: L17-T_AW - Avon Water at Fairholm
Suburban and agricultural landscape near town, sampling locations below UWWTP
Samples from bank below weir, which did cause out-gassing of d[s§olved gases

S [} 7 :/ 4 A

Qe &
XA S

Sampling locations drin low flow Sap ing locations during high flow

Sample site 18: L18-C-HA - Clyde at Hamilton

Suburban location adjacent to parkland after Avon Water but before Strathclyde loch joined
Samples from River Bank

View upstream from sampling location iew downstream from sampling location
Sample site 19: L19-T-SC- South Calder Water
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Suburban river with three UWWTP above sampling location
Sampled from foot bridge 1.6km downstream from old gauging

-
i

station

View upstream — showing debris and foam View downstream from sampling location

Sample site 20: L20-T-SL - Strathclyde Loch
Suburban location, party built from excavated mining depression but now parkland
Inflow from South Calder Water and gauging assumed to be as for South Calder Water

Sampling location - F ring \Sampling location in summer -low water level

Sample site 21: L21-C-BS - Clyde at Blairston
Suburban location, 300m below UWWTP outfall from Hamilton Sewage works
Sampled from walled bank foot bridge700m upstream of Blairston SEPA station

»

View stream from sampling Iocatin iew downstream from sampling location
Sample site 22: L22-T-RC - Rotten Calder at Redless
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Suburban location with some agriculture but also old landfill in catchment and downstream o
UWWTP._ Sampled 105m upstream of Redless SEPA station

T

n iew of sampling location Iookin upstream

iew downstream from sampling locatio

Sample site 23: L23-T-NC - North Calder at Calderpark
Suburban location, with significant road network in catchment including M8 and M74
Sampled 240m downstream of Calderpark SEPA station

F 5 = 2 = ag-jw‘ 3 'ﬁ‘; -'\l 3 3 3

>

e ' 2 -‘?\"

sy

B

iew upstream from sampling location iew downstream from sampling location

Sample site 24: L24-C-DD — Clyde at Daldowie
Suburban location, Sampled 400m upstream of Daldowie UWWTP
Sampled from rier bank at Daldowie SEPA Gauging station

View downstream from sampling Ioction o Sampling location during low flow
Sample site 25: L25- C-CL- Clyde at Cambuslang
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Highly urban location,3.1km downstream of Daldowie UWWTP
Sample from foot bridge over river Clyde; Gauging assumed as Daldowie

o

T

View upstream showing second foot bridge View downstream during low flow conditions

Sample site 26: L26- C-GG - Clyde at Glasgow Green
Highly urban location, 2.5km downstream of Dalmarnock UWWTP
ple from platform on bank of river; Gauging assumed as Daldowie

View downstream to tidal weir View upstream to brewery

Sample site 27: L27-C-GV — Clyde Estuary at Govan Pontoon
Highly urban location, oppositive entrance to Kelvin river — Sampled from pontoon

View looking west from Govan pontoon View looking east from Govan pontoon
Sample site 28: L28-C-BH — Clyde Estuary at Braehead Pontoon
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Urban location 1.5km west of the outflow from the Shieldhall UWWTP and adjacent smaller
outflows - Sampled from pontoon

Examples of visible pollution sources in Clyde Tributaries

Scum building up on South Calder Water Outflow from Strathclyde Loch
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Appendix 2 - Mine water survey locations
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Sample site MA1- Lathallan Mill
' ‘ el L e

5 X

View of outflow sfream 7 iew of reed bds 7

Sample site MA2- Mains of Blairingone

ample it MA3- Minto

|ew
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Aeration cascade at frances iew of one of the setting pools

.
Bl

\
!

Sample site MAS5- Pitfirrane

Pitferane outflow

Sample site MA6- Bilston (Junkie’s Adit)

iew of unkie's Adit 7 iewf Soth Esk erinfl from Ad
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Sample site MA7- Cuthill
b3 3 ' I.I‘ T

View View

Sampl site MA9- Shotts

7

iew of outflow Mine water mixing with South Calder Water

Sample site MA10- East Allerton

iew of pool below adit iew of reed pools in Spring
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Sample site MA11- Kingshill

i Nz s e Yol
iew of outflow iew of tope of Cascade Reed pools in winter

——

Sample site MA12- Poofarm

’View of deepwater pool iew of reed beds
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Sample site MA14- CoalBurn

Aerial view of adit coming to surface Stream flowing under bige

Sample site MA 15- Glespm _

iew of treatment for flow from shaft Shaft now overgrown
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Appendix 3 - Estuarine survey locations
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Figure A.1. Braehead pontoon at low tide looking west

Figure A.2. Dredging vessel involved in dredging of King George V dock inland of the Braehead
pontoon in August 2020
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Figure A.3. Braehead pontoon at high tide

Figure A.4. Braehead pontoon at low tide
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Figure A.5a. Outflow to estuary
at low tide during a spring tide
adjacent to and photographed
from the Braehead pontoon

Figure A.5b. Outflow to estuary
on an incoming tide at mid-tide
adjacent to and photographed
from the Braehead pontoon

Figure A.5c. Outflow to estuary
near to high tide adjacent to
and photographed from the
Braehead pontoon
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Figure A.6. Survey equipment

Bottom Sampler

£

B

ABB GHG analyser and floating chamber
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Addendum 1 - Urban landscapes and legacy industry provide hotspots for
riverine greenhouse gases: A source-to-sea study of the River Clyde

The paper has been published in the Water Research volume 236
https://www.sciencedirect.com/science/article/pii/S0043135423004050

with the following DOI - https.//doi.orq/10.1016/j.watres.2023.119969
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Water Riesearch 236 (20233 119965

Costento livty available at Soiencelirecs
Water Research

joumal homepage: www elsevier, oom/ oo stawet 185

Urban landscapes and legacy industry provide hotspots for riverine
areenhouse gases: A source-to-sea study of the River Clyde

alison M. Brown =™, Adrian M. Bass", Ute Skiba *, John M. MacDonald °, Amy E. Pickard

* IO Cenrre for Erofagy & Hydnolsgy (Einberghif, Bush Esoure, Fesivul, Midlisslen, EH26 008, U
¥ tniversicy of (asgow, College of Schece and Engineering, School of Geographical end Ewh Seiences, Dniversity Avensse, (lsgow, G132 804, UK

ARTICLE INFO ABSTRACT

Feyweord: There is growing global concem that greenboose gas (GHE) emisions from water bodies are inoeasing becanss
Mt of interactions between nmirient levels and climate warming. This paper investigates key land-cover, seasanal
Mliycath aridy and hydrological controls of GHGS by comparisan of the semi-natomal, agricaliora] and nrban environments in a
E‘{:;mm detalled somree-toesen stisdy of the River Clyde, Scotland, Riverine GHG concentrations wers consistently
ﬂ;mu:::imnm oversalurated with respect o the atmosphere, High riverine concentrations of methame (CHs) were primarily
Milne wades associated with point source inflows from wrban wastewater treatment, abandonesd coal mines and Bakes, with

CHy L comoentrations between (01 - 44 ugz I, Concentrations of carbon dioxide (CCk0 and mitroms ooclede (M200
were mainly driven by nitrogen comcentrations, dominated by diffuse agricultural inpats in the upper catchiment
and supplemented by poimt seurce inputs from urban wastewater in the brwer arban catchanent, with CO5C
concentrations between 0.1 - 2.6 mg 17" and NaO-N concentrations between 0.3 - 14 2 77 A significant and
disproportionate increase in all GIGs ocourred in the lowéer arban riveriog enviromment in the saommer,
compared 1o the semi-natural envirooment, where GHG concentrations were higher in winter. This increase and
change i GHG seasonal pattems poinds 10 anthropogenic impacts on microbial commumities. The ks of total
dissolved carbon, to the sstuary is approximately 48.4 £ 3.6 Gg © yr~ ", with the annual inorganic carbon expert
approxdmatedy double that of organic carban and four times that of COy with CH, aceoanting for (005 %, with the
anthropogenic impact of disused coal mines accelemting DIC boss. The anmual loss of todal dissolved nirogen o
the estmary is approximately 4.03 £ 038 Gg Ny~ of which Ny0 represents 0,06%. This study improves our
unlerstanding of dverine GHG generation and dynamics which can contribute to cur knowlsdge of their releass
o the armosphese. 1t identifies where action conld support reductions in aquatic GHG generation and emistion.

1. Introductionsz

Oreenhouse gaz (OHO) evazion from inland waters iz a zignifican:
zource of atmospheric GHOa. Olobal carbon dioxide (C02) evazion haz
been ectimated 2z 1.6 + 0.25 Pg C yr_l from streams and risers,
resulting in a global evacion rate from inland waters of 2.1 Pg C 3!
(Faymond =t 2l 2013). The contribution from streams and rivers io
large relative to their surface area, acting a0 hotzpots for the exchange of
gases with the atmosphere. The major sources of 00y are direct input wia
groundwater inflow, which transporte C0y originating from seil recpi-
ration, and in-stream mineralization of organic carbon () often from.
surface mun-off (Winterdahl et al, 2016), Riparian wetlands aleo
contribute dispropordionately to CO4 emissions (Abril ami Borges,
2019). The relative importance of these mechanioms changes with

* Corresponding author at: UK Centre for Ecology & Fydrology.
E-mail eddress: slleown52&5 ceh s uk (A M. Brownl

1. 115964

htpe s Adolong T 1016 watres 3

stream order 2z headwater otreamz have a larger soil-water interface
compared to lower reaches, resulting in the proportion of GOy produced
from aquatic metabolicm increacing with atream gize (Marx ecal. 2017;
Homchkisa et al, 2015). The magnimsde of CO1 riverine emiosiona iz
highly dependant on hydrology (Gomes-Gener et al | 20161 In urban
areaz gignificantly higher nutrients, organic matter content, and riverine
cyanobacteria impact COy wariation (Salgado =t al | 20223 Olobal
methane {CHa) svacion from infand waters wan estimared ar 3951 +
79.4 Tz CH, vr~ !, with rivers svading 30.5 + 17.1 Tg CH, v, with
aguatic ecosyatems contributing about half of total global CH, emissions
from anthropogenic and namral sources (Roseniretar et 2l 2021 Total
GCH ; emizmions were found to increaze from natral to impacted and from
coastal to freshwater ecooyatems, with emizssionz expected to ncrease
due to urbanization, eutrophication and positive climate feedbacks,

Recrived 11 December 2022 Recsived in revised foom 1 April 2023 Accepbed 9 April 2023

Available onfine 12 April 20273

0013540 2023 The Anthors. Published by Elsevier Lizl. This ix an open aceess article under the 05 BY Boense (hetpe/ fcreativecommaons ongloenses by L0,
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although there & cignificant uncertsinty in the produoction, Tans
partation and consumption processes (Flossntreter st al 2021, Dtanley
=t al, 2016) Similarly the production and emiscion of nitrous oxide
(M) from aquatic gystems are tncertain (0.3 - 2.1 Tg Na0-N ?r_l'] with
large zpatial and temporal variability in emiosion estimates (Geitzinger
anil Kroece. 1993: Beapliss = al | 201 1; Ciziz =t al., 2015 Howewver
M40 emizzions from rivers, reservoirs and estuaries have been estimated
az 148 — 277 Gz N yr ' with anthropogenic permurbations to river sye-
tems regulting in a two to four-fold increase in M40 emissions from
inland waters (Manvars er al | 2088), The dominance of M40 emizzionsz
emanating from nitrification or denitrification in inland waters iz partly
dependant on recidence time (Tarnstche =t 2l 20111

Urban rivers and lakes are potential hotspots for OHO emissions and
there iz an increaging body of literature concerned with quantifying their
contribution o aquatic OHO emiosions {Thang et al | 2021; Wang et al |
2021; Ou et al., 2021; Hemero Ortega et al | 2019; Martines-Cruz et al |
2017 and Darnisr st al | 2002). In Mexico City water quality indicators
{such as wophic state index and phosphorous lewvel) were positively
correlated with CH, emicsionn, suggesting a reduction in untreated
wastewater diccharge could concurrentdy reduce GHO emizzions. Fluxes
of CH, were highly variable, both in and across ecosyetem locations and
seaponz (Martines-Cruz et 2l, 2017) demonstrating the need for
comprehensive stodies to understand these temporal dynamics. In water
bodiez around the city of Berlin, a combination of high nutrient supply
ani thallow depth produced large CHy emissionzs. However dissalved
oxygen and productivity were found o be poor predictors of CHy
emizzions, ouggesting a complex combination of factors gowvemed CH4
Huxes from wrban surface watems (Herrero Crvega e=r al | 2019
Conversely in rivers and lahea within the city of Beijing, high CH,
emisrions were attributed to high dissolved and sediment organic car-
bon, high aguatic primary producdon and challow water deptha,
although regulta were again highly variable {Wang =t 2l 20211 In the
Chachu Lake bagin in eastern China, diffusive CHy and N30 emiosions
rom rivers were due o large nutrient upply and hypoxic environments,
with C0s impacted by temperamure-dependant rapid decompocition of
crganic matter (Zhang et =l 2021). Pogitive correlations bebween
temperature and OHO concentrations have besn routinely observed
[Wang et al, 2021; Herrero Ortega et al | 2019 and Rosentreter =t al |
2021 ). The presence of ammonia, entering inland water from agriculture
or wastewater, can inhibit CH; oxidation resulting in elevatsd CH,
concentrationz compared to low nitrogen systems and high evasion to
atmosphere (Chunfield and Fnowles, 1995; Bose =t al | 1993; Cotwwics
et al, 2021) Converzely in an investigation of N30 concentrations up-
stream and dowmstream of wastewater treatment plants (WWTPz) in an
urban river in Japan, lower Ny concentrationz were found in summer
(Y. Thoo =t al  2027). Poritive correlations between OHOz in surface
waters and carchment agricultural landcover linked o higher levels of
organic matter and dizzolved inorganic nitrogen from the agricultural
dominated areas have been found zignificant, with increages in GHO
levels during prolonged low water levels (Borges =t al., 201G

OHG emisrions are difficult o attribute to sources due to multkple
generation and consumption pathways and high spatial and temparal
wariability (Rocentreter ot al | 2021 L Their production results from the
interplay of multiple drivers and iz influenced by, high beoween and
within-gyztem variation, with the cauzes of thic variation unknown. Thiz
wariation causes difficultisr in upscaling emission: from local-zcale
studies regulting in a need for more detailed srudi=s meaguring more
in-water parameters across 2 large temporal and cpatial ocales It io
bhypothesized, in this paper, the reazona for the high variation and poor
predictably inclode:

1 OHOz are not conzerved like dizolved nutrients but readily out-gaz
especially in the riverine environment with flow intenzity and high
stream clopes the primary controls {Long =t al | 2015;Mawrice ez al |
2017; Naschimuthy et al | 2017; Liv and Raymond, 2018).

Wialer Rerearch 236 (JOZT) 170069

2 The number of different sowrce bypes within the riverine environ-
ment, including: point, diffuse and in-water generation, change with
land-uze and need to be distinguizhed.

3 The concentration of nutrients iz only one aspect of 0HO generation,
which changes with availability of elecoron donors and acceptors,
such thar mixing of waters may ctimulate GHO production (Wrage
etal | 3001; Purnhawa et al | 2004; Broder et al., 201 2; Zhang et al.,
2019

4 Different GHO sources and dynamics dominate in different types and
zizeg of warer body dependant on: land-water intesface, depth, hor-
dravlic regime, sedimente-water-air interfaces, residence time, land-
use, physio-chemical propertiez, microbial commumities, seazan-
ality, and anthropogenic impacts on seazsonal patterno of changing
water level and temperature.

The concentrations of THO: in the riverine water column result from
the balance bemween input, consumption, producton and output
(Fig. 1).

Qiven the potential significance, but inadequats quantification and
characterisation of wrban catchment fuvial GHO dymamics, further
inoight into how to quantify and interpret riverine GHO concentration
data could support improwved estimates. Thiz smdy addressed the
following key objectivea: (1) does vzing a source-to-sea investigative
approach allows quantification of how changes in the nature and zize of
the riverine environment impact JHO concentrastions, (2) can the key
controls on GHO generation be determined by comparizon of the semi-
namural, agricultural and wrban environments, including key land-
cowver, seasonal and hydrological controls, and (3) can point source,
diffuse source and in water generation be distinguish for different GHO2.
A large temperate catchmen: was selected for the invesdgation, where
landcover transitioned from semi-natural through pactoral and arable
agriculrural to urban {including legacy industriall, as reprecentative of
many urbanized catchments globally.

2, Materials and methoed
Z.]. Study area

The River Clyde ia the third longest river in Scotland (170 km) with a
total river network length of 4244 km and drainz 2 of 1903 km® (Clyde
River Poundation, 20203). The River Glyde together with the rivers
Kelvin, White Cart, Blach Cart and Leven enter the Clyde esmary, with a
catchment area of 5854 km® (Medwell et 2l 2002), which iz home o
33.8% (1.79 million) of Scotland’s total population (Clyde River Foun-
dation, 2030 Surface water quality, az aspeszed in accordance with the
Buropean water framework directive (SEPA, 2010 and Mamural Scot-
land, 20015}, ranges from "High' in some small ributaries to ‘Bad’ in
zome urban tributaries. with much of the River Clpde rated 2z ‘Moder-
ate’. The groundwater quality iz alzo rated as Poor’, both in the upper
catchment in the Leadhillz area and the lower urban catchment The
FRiver Chyde’s mean annual fows is 3.3 m™ 5 with the maximum fow
of 560.5 m'n | (24th January 2018) a0 measured at Daldowis gavging
station (mupplementary data Table 41.1) bazed on Jata berween 1963
and 2019 [UE re of Ecology & Hydrology (UECEH), 20200 The
upper moorland carchment consizts of steep rough ground with hill
pacture and come forestry 2z the major land wze. In the middle catch-
ment thers iz mized farming including arable and pastoral and zignifi-
can: urbanization in the lower catchment.

2.2 Bitex description and deto collectdons

Twenty-aix measurement locations were selected on the River Clyde
and itz major tributaries. The locations were distributed along the River
Clyde from near the source on Dasr Water, above Dasr reservaoir, to
Glazgow Oreen just above the Clyde tidal wweir, which zeparates owo
digtinct habitats of frech and zalt water. The sample locations are shown
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Infiux from

atmosphers

Evasion

Fig. 1. GHG genemtion, transport and boss. In the sche-
|“FF mmatle the arrows show the direction of GHG movenss=n into/
out-fram the sediment (brown), water (biued and air (greyk
The balance betwesn the different sowmes and sinks changes
abong the river conrse. Both river slope and bydrodogy impact

this balance as they infleence water residence tmes, sedi-
mentation, oul-gassing and natrient concentrations fFom point
and diffuse sparces. (For interpretation of the references m
codoar in thiv Agnre legend, the reader is referred to the web
verstan af this articke))

cpatially againct both the water network of the River Clyde and tribuo-
taries (Fiz. 24) and the catchment land cover (Fiz. 2B). Pull details of the
rurvey locations are provided in the supplementary information Table
ALY with photographs in Pigure AZ. Samples were collected monthly
between Jamuary 2020 and December 2021 at all locations. Twenty-one
rampling campaigns were undertaken a2z no sampling wao permitted
during the perod April to June 2020 duwe o Covid-19 working re-
strictionz. Each sampling campaign was undertaken over two

@ Survey locations
—— Waler courses

Land Cover Type

conzecutive davs with samples collacted at the opper catchment sites on
day one and in the lower catchment on day pwo. Sample Glration and
proceming waz undertaken on the same day az cample collection.

Z2.3. Pield sampling and lcboratory measuremens

Diszolved gac samples were collected in triplicate at each location
uzing the headspace method, prior to the collected water being

B Freshwater
01 Heather grassland
B improvad grassiand

B0 Acid Grassland
| Arable and Horticulture

B Bog | inland rock
— River Clyda B Broadent Woadland B Suburban
B Conferous Woodiand B Urban
Fig. 2. Spatial plots of the River Chyde catchment. Pane] A shows the River Oyde and tribmitaries {Codnance Sarvey, 20220 and Paned B shows the land cover (LUK
Cemtre for Ecology & Hydrobogy (UECEI, 2020 The source-to-sea mrvey locations are desated with the lowest number near the source of the River Clyde and the

highest number near the river-sea inerface. The measurements on the River Clyde an indicated by a " and the tributaries by a T and where the trilntany is divect
inflaw from a loch this is indicated by an "L,
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disturbed by other meagurementa, together with ambient air samplez
(Bill=rr and Moore, 2000). Conductiviey (EC), water temperature [Ty,
dizzolved oxygen concentration (DO and pH were measured, and a
two-litre water sample waz reained for later analyis, which waz keptin
a dark, cool-box undl returned wo the laboratory for processing, to
minimise biological activigy. Full details of the data collection and lab-
oratory mesgurement methodologies are dezcribed (Browm =t 2l 20235).

Headopace samples were analyzed uwcing an Agilent 70908 gac
chromatograph (0C) and T697A headopace auto-zampler {Agilan:, Ganta
Clara, Californial, with COy, CHy and N3O concentrations determined by
running gaz vials containing four mixed gas standarde prepared in a
conzistent way to the ambisnt air samples. The concentrationz of the
standards gazes were: 1.12 to 95.2 ppm for CHa; 202 to 5253 ppm for
COvy; and 0.203 to 104 ppm for NyD. Water samples were fltered within
12-hra of collection through a3 Whatman GF/F 0.7 pm, under vacunm.
Piltrate was then analysed for: rozal dissolved nitrogen (TDMJ, toeal
dizzolved carbon (TDC) and dissolved organic carbon (TN, anion &
cation concentration, UV-Vis absorbence. Total phoaphoroa (TP) anal-
woin was undertaken on unfiltered camples. Analyis for TDN, TDC and
DOC were undertaken waing a Ghimadzu TOC-L series Total Organic
Carbon Analyzer with all zamples run within 36-hm of collection. The
difference betwesn TDC and DOC was uzed to calculate Jiscolved mor-
ganic carbon (DIG). The fOltration remlted in outgassing of gases
including €0y raizing the pH, such that moat DIC measured by thiz
method was in the form of bicarbonate and will undereatimate the el
DIC in the original stream waters {bicarbonate plus 0031 Absorbence at
254 nm, indicative of aromaricity, was measured ucing a Peckin Blmer
LAMBDA® 365 UV-Viz Spectrophotometer to evaluate the Specific Ul-
traviolet absorbence (SUVA)L A low SUV Ay, indicates 2 smaller portion
of aromatic humic matter pregent in the water and can be uzed 2z an
inilicator of the anthropogenic impact (Williams =t al, 20161 lon
chromatography vzing a Metrohm 930 Compact 1C Plex was undertabesn
to determine both anion and cation concentrations. A mixed ion stan-
dard containing 11,000 ppm chlocide (CI-1, 5000 ppm nitrate (NOFY,
4000 ppm sulphare (50371, 10,000 ppm sodium (Na'), 5000 ppm
ammonizm (NHEY, 1000 ppm potassium (K7, 1000 ppm calcinm (Ca*t)
and 1000 ppm magnesium (Mg* ), was diluted to make 7 standard zo-
lutiona for calibration. These mcluded dilutionz of 0.1:100, 0.5:100,
1:100, 2100, 5:100, 10:100, and 25:100. Total phosphorouz (TP} waz
mezgured uzing a SEAL AN2 analyser. Pour standands were included in
each run for calibration of between 0.025 to 0.20 mg P L ~" Whese
concentrations excesded the top ctandard, the machine diluted and
re-measured the sample. For all technigues all zample poinm from each
survey were run together.

2.4, oz partic] prezsures

Tao calculate dissolved gaz concenwations and partial pregsures from
the headapace equilibration method the following macs-balance equa-

tion was applisd (Hamilton, 20061
(Com) Vi) + (Cogm )V em ) = (03 (¥ s) + (C ) [V ) (1]

Where: Cong and Coges 2re the original gas concentration, Ciig and Cyes
are the concentrations in the liguid and gaz phagses after =quilibration
(shaking} and Vijq and Vgas are the volimes of the liguid and gan in the
syringe (asrumed to be the came before and afrer chaking). Assuming
equilibrivm inzide the vesgel then Ty c2n be replace by

Coy =Pl Prua (2}

Where: Pgyp ic the barometric presure at the mearurement time and
altituide, Py, in the partial presgure in the gaa phase, [y is the Buncen
solubility coefficient 2z a function of temperamure. This can be
rearranged:

':c'lu] = {P“.ﬂr.Pw:I +. ':{:lu _C'Ilu:l":vlu:l-"l':“'ll-l:l 3]

Wister Resaarch J96 (2023 ) | 19980

Thiz gaz concentration in pmoles,/L can be comverted to units of ppomy
uzing the Ideal Oaz Law, where ppmv = (moles/L)L(ET}, where B iz the
gaz conztant and T is the temperature in Kelvin.

Thiz method iz effective for CHy and N0 but can lead o emorz in
COhy ectimares as dizsolwed O iz in dynamic chemical equilibrium with
other carbonate ppecies. The error incurred by headopace analysic of
OOy s leoz than 5% for typical samples from boreal aystems which have
low alkalinity (=500 pmoll "), with pH < 7.5, and high pOO, (= 1000
patm]. Thiz was the case for (90% of the scamples here but errorz in the
lowwrer Clyde tributaries, with both higher alkalinity and pH, were esti-
mated 2z reaching 10% (Hoschorreck et al | Z021L

2.5, Dato sources and processing

Flow data measured by SEPA at their various gavging stationz was
uzed for all hydravlic calculations, detailz of the data applied at each
location are provided in the supplementary mformation Table A1.1
(Scottich Environment Protection Agency, 2020 and (UE Cenme of
Ecology & Hydrology (URCEH), 2020) Riwver fow; ower the period
January 2020 to December 2021, for the Sills of Clyde in the upper
catchment ranged between 2.5 and 345 m® o' (the survey capmared a
rang=of 3.3- 1 13m” o'} and Daldaiwis in the lowrer catchment ranged
berwesn 4.8 and 532 m*s ! (the survey captured a range of 5.6 - 170 m”
o'} (Fiz. 34 & B). The River Clyde experiences significant height loaz
becwesn 75 and 100 km from source, which would be expected to
produce significant outgaming {Fig. 3C), and zignificant inpum from
urban wastewatsr weatment (UWWT) and mine warer outflows (MW
(Fig. 3DL

Dtats wan analyeed uzing 3 combination of approaches. Spadal
analyaiz of all measured parameters was ondertaken wing Quantmm
Jeographic Information System (()G315) version 3.22. Land cover anal-
veiz war undertaken by generation of the catchment area for each
meagurement point and applicationa of a land cover date; (L1 Centres for
Ecology & Hydrology (UKCEH ), 2020) also uaing (0I5, Pearson’a cor-
relation waz applied to determine relationchips between the GHO con-
centrations, water phyriochemical properties and land cover. Locations
were grouped wring K-cluster analysia, to help inwestigate the impact of
seazsonality, based on measured water chemical properties (DOGC, DIC,
TDN, TP, CI~, NOF, 502, Na*, NH}, K5, C2* and Mg**). Phynical
parameters such as temperature (which mainly distinguich zites by
elevation) and conductivity (2 function of all dizsolved ionc) were not
included.

Load appointment modelling {Bowes 22 2l | 2008) was applied to all
the OHO aml chemical concentration dam at all locations where flaw
dats war available or could be calenlated. The diffsrence in the accur-
rence of point and diffose sources iz linked to the concentration-flaw
relationship, and can be calculated by using Eq. (4], where ) iz wolu-
metric flow rate and Cp and Cp, are the point and diffuse cousce con-
cenmations recpectively. The comstants A, B, C and D need to be
calenlapmd |r_|r iteration for sach solote (Bowes =t 2l | 20001 The modals
for the point and diffuse sources once generated were then applied to the
full I years of flow data from January 2020 to December 2021 to
determine volume trancport for sach GHO or solute.

Cr =Cr+Co, where Cp = AQ™" and Cg = C.F™Y (1]
3. Resultz
3.1. OHG concenmations and water contemination from source-to-sea

Maximum concentrations for all 0HOz occurred in the river wrban
section during July-September 2021, whers concentrations reached;
CHC 44 pgk™", CO.-C 26 mg L ~ ' and NoO-N 3.4 pgl~’, with corre-
sponding saturations of 130,400%, 1170% and 1310%, respectively. ALl
OHC concentrations exhibited both strong apatial and temporal vari-
abiliy. Riverine dizzolwed OHOz (CHs, GO and Na0) were mypically
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Fig. 3. River Clyde volumetric flow and contaminant inputs, The first two pamels show the volometric Sow (Q) for the upper (Sills of Clyde) (4) and lower
[Eakiowie) (B} River Clyde relative to the sarvey dates for the first and second days of the surveys respectively. Effort was made to get consistent riverine flows over
the twn days of sampling, although during high river fows this was ool possible (e.g. August 20200 In the spring and sommer of 2021 (from April 10 September
inchnsive] a period of very low ramiall persisied, which was twice the deration as for 2020 and resulted in very dry conditions aomoss the Clyide catchment, The thind
pane] (O} shows the height and area of the Chyde eaichment compared io distance from ssuree for the different meastirement points. The final paneld (T provides
infprmation oo cumulative point sources entering the River Clyde from both arban wastewater reatment plants (UWWTE) in per 1000 peraon squivalent {1000ppe)
and the cumulative mumber of known sources for Mine Water (MW outflows. Note that this provides oo information on the volame of MW entering the River Clyde
or the degres of treatment. MW volametric flow varies widely from different sources.

supersaturated with respect to the atmosphere, with =97% abowve the
theoretical equilibrium valuve The Lowest saturations ocourred in arean
of steep olope and high turbulence, which included the head watesm of
the Clyde (C3) and the areas surrounding the Falls of Clyde (C12, T13,
Cl4, T15, €16 and T17) with CHe thowing the largest change in
concentrationa.

Riverine dimolved GHO (CH,-C, COy-C and NyO-N) and water
physiochemical property (TP, TDN, DOC, DIC, I, NO3, 503-, Ma*,
MHE, K, Ca""and Mgt} concentrations for the Jifferent locationz
meagured on the River Clyde (Fiz. 4A) and it wmibotaries (Fig. 461 all
increased from source-to-sea, in line with increasing percentage of both
agricultural and urban land cover (Fig. 4C). Average concentrations for
all locations are included in supplementary data Tables A3.1 and A5 2.

3.2 Land cover relationship with and methene and nitrows oocide
dynamics

To determine land cover influence: on notrient and OHG concen-
trationz, the land cowver was correlated to the measured GHO concen-
trations and water physio-chemical properties (Tzble 1 and
mupplementary dam Table A4.1). Analyziz was for the tribuzaries and
Clyde hesdwaters only, to ensure all data wae independent and points
within the analycio were on a similar spatial scale (catchment area «
ﬂEﬂ]m:.‘t]. The meazurements pointz in the lower urban River Clyde
catchments {(with the highest OHO concentrations) are not included o
avoid confounding of data.

Conductivity, pH. TDN, TP, DIC, DOC, €l-, Koa, 803, Ma®, NHI,
B, Ca®t Mz*fand NaO-N were strongly negadvely corselaped with
percentage cover of acid (semi-namral) grasaland and poaitively corre-
lated with improved (parture) grascland, suggesting thar acid grasslamd
behaved a0 a nutrient zink while improved grassland behaved az a
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Fig. 4. Radar pleds of average dissabved GHGs and water chemical properties, The top panels are radar plots of averages dissolved GHGs (C1-C, O0g-C and N0
and water chembcal properties (TP, TON, DOC, DIC, CI7, NOS, 805, Na™, NHJ, K7, Ca® and Mg™ ). The source-to-ss=a survey kocations are denoted with numbers
from | (soarce) 1o 26 (sea), with the River Clyds indicated by a " and the tributacies by o "T or L, where direct inflow is from a loch. The top left panel (A) is a
somrve-A0-Sen progression of the River Clyde {oolowred brown-green-bloe) clearly demonstrating how the concentrations increase downstream, All data are nor-
malised 1o the maxtmum average valiee for any survey location. The top right pane] (B) is a souree-fo-sea progression for the Clyde tribistaries, with oribotariss joining
Im the uppes Chyde (green), the middie Clyds (red-orange) and the lower Chyde (Bloe) and exhibiting a similar progression of ooncentrations. All data are normalised
L the maximum average valee for any survey location. The lewer panel {0 shows the pereentage Land cover change betwesn sach Incation from source-to-sen on the
River Clyde for comparizon with panel A, Semi ural (acid grassk d, heatt and fores) is in gresn, agricalneral (arabie and improved grassiand) in light blee and
urban {urban and subarban) in dark boe (UK Centrs for Ecology & Hydmldogy, 20200, (For interpretation of the references to- coloar in this figore kgend, the reader is
referred i the web version of this article.)

Table 1
Pearson's Correlation Cosfficient betwesn nutrients and GHGs (EC, DO, pli SUV A, TP, DO, DEC, TDM, CH,, N2O and L) and percentage land-cover across all
Clyde tributaries and headwaters,

CFly 0oy M0 EC D, pEd Do uil=g TOM i AUV Agss

A grassd and —0E8 006 ~i.40 —0.84 014 ~ 0B —088 —o.Tr — 00 083 o

Arabie & hortieulrure 0.51 -005 n.oF QEE - .73 n4E .77 0.74 0.87 — 53
B 004 —041 oz OB ozs 0.3 0ued 237 e .77 — 41
Coaiiferoun woodland ons 28 08 (e ] (e ] LHE 2] 0.6l 020 0. 030 —11
Fresineares a1z —0s -0 1] alE —0.03 -2 —0ua —ou5a e 1] - o4
Hathiesr -0as —020 —a.m o9 — 0,07 008 O.EE 0,08 033 g4 -0ZF
Heather grassisnd ] w13 015 - {LOS —0.23 -0.22 nao ~ 0 ~0.30 —0o7 — 0.0
Irnprenved grassland an -0.20 038 Lol -} -01E .82 nal 0.54 0.91 0.4 — .70
Indend Fock 0.7l 056 .55 oTE -85 048 036G 0.65 0.54 04d — .51
Teban & Subartan 0.59 006 D4 oLea —0Bs 085 k1 n.es o.7a 0.7 — .81

Notes

"Walmes are the Pearam’s correltions coefficisnt with the values in bold considered significant with at Pamloe < 0,05,

*Ther# i% a strong corelation between broadlenf wondland and urban and suburban and-cover within the Clyde citchment (B* <0091, Povalue <0.001), possibly
because broadleaf woodland has been planted within the sularban and orban environment. Heoce broadleaf woodland bas not been inchsded.

*Ta ensure all data points are mdependent only tribataries and the upper River Clyde are included. As a resalt the lower Clyde prints (incheding the large TWWTE
linked 1o high CH, concentrations) are not incloded 1o avoid confounding of cichments,
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nutrient source. Arable & horticulture (arable)} cover was peositively
correlated with BC, pH, DIC, TDM, TP, CI~, Moy, NHi, &, ca*t,
Mgm'mdl:-:hm:du 3 nutrient source. The area of arable & horticulture
cover iz an order of magnitude lower than for improve grassland, buz
correlations are similar (Table 1 and supplementary dams Table A4.10
Urban & suburban {uwrban) cover was soongly pocitively corelated

Methane - Carbon (ug )

Wi Ressrch 394 (2027 119960

with BC, pH, TDN, TP, DIC, CI~, NO3, 503, Na™, NHJ, k¥, Ca**, Mg**,
CH - and Ny0-M suggesting that the urban cover acts az both a nutrient
and GHO source. Urban land cowver was negatively correlated with D0
while other land-cover types had no statistically sipnificant impact of
river oxygenation. Improved grassland, urban and arable cover were all
negatively correlated with GUVAss muggesting an  anthropogenic

Nitrous Oxide - Nitrogen {ug |')

SUVA at 254nm {1 mg-C'm)

Fig. 5. Spatial average of CH,, CO, N,0 and SUVA at 254 nm across the Chyde catchment. The average concentration data for CF-C, Bo0-N, O0g-C and
SUV A, shown spatially (for Ty, EC, pif, D0, TP, TON, DOC, DIC, CI-, NOg, 805, Na™, NHj, K7, Ca®*, Mg® see supplementary information Figure AS). The size of
the marker dencting the average concentration / valiee at each meswared location. The concentrations of all thres GHGs (03,40 C05-C and N;0-N] are low in the
middle Clyde catchment dhse to high outgassding corresponding to regions of high tarbulence. Both CH, and N0 concentrations are high in the lower catchment. Bath
CH-C and O0,-C concentrations are elevated in tributaries that have significant MW inflow (eg, at TI0). The SUVA L., valies decrease from the upper to

loweer catchment,

Page | 229



Greenhouse gases from human-impacted rivers and estuaries

AN Erown & al

influence az land cowver linked to nutrient concenmations and human
denzity have been found to impact humic compozition (Williams =t al
2018} No nlzl:izlicnﬂ? aigniﬁ.::m. corralation: ars detected for GO
(Tahbls | and supplementary data Table A4.2)

3.3. OHG spatial heterogencity

The apatial patterno of CH,, M0 and C©0y are similar, with the lower
{urban) catchment to the northwest |:|.m-'i.'n.g the hig;h::t concenTations
[Fig. 5. The concentrations of CHy, N0 and GOy in the middle catch-
ment amociated with the Palls of Clyde (C12-C13, 73 to 100 km from
source}, an area of high turbulence with an elevation drop of 150 m,
were the lowest and are typically at or near atmospheric equilibrium,
liluely associated with high evasion due to increased turbulence. The
upper more rural catchment has more wariability between the diffarent
OHGz. For example, T10 has both high CHs and €03 but lower relative
N0 concemtrations and was observed associated with MW infiows,
conversely the CF has higher No0 but lower relative CH, and COy
concentrations and has high agriculture land cover.

Average SUVAqcy values of 5 (35% aromaticity) occured in the upper
catchment dropping to 3 (20% aromaticity) in the lower catchment. The
three moat wrban tributaries (T19, T22 & T23) consistently demon-
strazed the loweat SUV Ay values, characteriotic of high anthropogenic
impace The spatial patterna for DIC, SDE_, ca’t, Mgﬂ_ and K~ (sup-
plementary data Figure AS) are similar and exhibit high concentrations
in the tributary measurements (T10, T13, T19, T22), all of these
catchments are influenced by legacy coal miner and outflows of MW
[Fig. 300 The tribatary T23 aloo exhibited high 503 and Na* compared
to other fonz suggeative of a different industrial legacy waste history.
The lonz, G, NO3, Na™and NHE, all increazse with wrbanization of the
cabchment and are coneistent with anthropogenic sourcea (Herlibhy =cal |
1950}

Table 2

Cinster amalyses based on the measered water chemical properties (TOC, DIC,
TON, TR, G, NOG, S05 7, Ka™, NI, K, Ca®" and Mg® ) distingmishes Jomtions
by position in the ciichment.

Mo Ouster Name Locatins Deserptian
1 Upper Oyde o7, C8,co Upper stetion of the River Clpde,
Agriculoursl with both passral and arsble
agrizultuse
2 Mhidedle Chydes €11, C1% Mididle gevtiom of the Rives Oyde
siburbon erabds Cl4, C1&, with & mixed signal of suburban,

s 13 mining snd agrindnese

a lower Chyde- C21, C24, Lovwer seerion of the River Ciyde,
highly urbean 025, 26 dominated by high urhan land
covrrage and Ineoetses i O, TON
and TP
4  Upper mibumries  T1, C2, T4, Upper Ciyde tributaries, lowing
Semb-natural TS, TG from semi-natunl or pasorsd exovi-
ronmnests incloding streams from
MSSTVOLm.
5 Middlerwiutaies  T10, T14, Middie Cipde tributaries, deminated
el plus peining TIE, TI7 by pamoral and arahle agricolmure,
disused eoal mines ond DO from
pear
6 lowermibatories  TI0, T2, Lower Clyde tritutaries, dominmed

whan plus mining 723 by urban, coal mining and kgacy
ingusTry with the highrst

eouemiraties af all lons.

Mode:

TE-Cluster analyses based for 6 clusters using measured waler chemical prop.
ertiss effectively distingiighes hocations on the river Chyde and fribataries by
their position in the catchment.

303 (mensared below Daer reserveir) and 120 [Serathchyde Loch) were not
Included in the chuster analysis as these primarily represent laks properties
rather than riverine properties.

Whaier Resarch I (2023 ) | 1959

34 8 | GHO distrik by land wse charecooristics

Locationz were grouped uzing F-cluster analyzia based on measured
water chemical propertien. The result with gix clusters wag selected and
mummarized in Table 2

Semsonal patterns for riverine dissolved GHO: {CH4, CO2x and N0
anid water physiochemical propesties (TDMN and TP) were invesdgated
uzing the clustering in Tzhi= I and were found o be inconsistent
throughout the catchment (Fig. §i. In the upper and middle catchment
for both the River Clyde and ito cributaries, CHy and TP concentrations
exhibized low wariability by season. Howewver, in the lower urban
carchmentz: both the highest mean and maximum concentations
oocured in summer and automn. Concentrations of CHs i the lowrer
urban catchment increazed by an order of magnitude and TP by at least
four timss, Cnn'l.'emly M20, 002 and TDN exhibited their lowest average
values in summer with the highect values in spring and winter in the
upper and middle catchments. Howewver, in the lower whan catchment
the seasonality pattern changes with the highest concentrations of NyO,
G0y and TDN in the cummer.

The seaconal change in summer could be drven by temperature or
reduced river flow. Temperature iz correlassd with reduced river floswr
and thiz correlation becomes more significant in the lower wrban
catchment {at CF (upper catchment]; = 0.5, p-value <0.05 and az G24
{lowrer catchment): rI= 0.61, prvalue <0L003 (Auguct 20 data excluded
and log-linear relationchip applied)). The low river fow in summer
would impact contaminant and nutrient concentrations particularly
where thece are linked to point rather than diffuse sources. Thus thic
seazonal impact could be driven by temperamure and concentrations of
nutrients from point sowrces.

3.5. GHG, nutrient and contomingnt correlations

Correlations over the whale catchment chew that both CHy and NaO
wers significandy positively correlated with TP, TDN, NO3 and NH}
with CH,, also significantly positively correlated with DIC and Mz* and
Ny gignificantly positively correlated with Cl7, CH,, CO4 and NoyO are
all negatively correlated with DO% (Table 5 and supplementary data
Table 44.2). In the wrban z=ctor (L20 to C26] DO values are lowrer
{supplementary data Table A3.1), suggesting reduced water asration
Conductivity, DIC, €17, 507, Ma*, K7, €2°7, Mg®", are all zwongly
inter-correlated. TDON iz strongly correlated with NO3 but also TP. Theae
correlations are not concistent across the whole the catchment and are
investigated using the clustering from Table 2. The correlations for
clusters 1, 3, 4 and 6 are chown in Fig. 7.

There are few gignificant correlations for OHOz in the upper carch-
ment, ezpecially for CH., Ny i pogitively correlated with T, NO¥ and
TDM, and GOy negatively correlated with DO (Fiz. TA and BL Haw-
ever, in the lower urban carchment strong correlations occured bepween
almoat all GHOz and phyiochemical properties, suggesting high 0HQ
concentrations occured as contaminate concentrations increszed and
D03 decreased (Fig. 70 and D). The correlation between TOMN and TP iz
high in the urban environment (B*= 0.76), bath linked to UWW. Thiz
may result in some correlations which are unlikely to be cavzal In the
urban area CHy is highly correlated with TP and My0 with TDN (aszo-
ciated with UWW), and CH, with che DIC, 505, Ca®* and Mg™
grouping (amociated with MW, mggesting different mechanizma for
CH,; production compared o the semi-namral environment. In the urban
area gignificant negative correlations occured betweeen both DO% and
SUVAsc,, and most phymiochemical properties and GHO concentrationa.

3.6. Dwivers for greenhouse pas concentratons

A load apportionment model waz uzed to model the GHG and aolute
concentrations and the exponents (B and D) from the relationships For
concentration as a function of Sow (Eq. (4)) were estimared for point
and diffuze sources anid used to distingnish four source typea: (1] point
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Fig. 6. Seasonal amalysis of GHiGs for the
upper, middle and lower Biver Chyde and trib-
wtaries, Bax plots of concentrations of dissalved
CHL-C, CO2C, NN, TON and TP in the Clyde
catchment, showing the median, 25% and 75%
quantiles, minimum and maximom for o s

somal analysis spring (March-May] in light
bhee, summer (June o August) in yellow,
amtumn (September to Movember) in red and
winter (December tn February) in blise, The
resufts are grouped by six different regions of
mepsurements on the apper, middle and lower
River (lyde and trilmtaries that enter the River
Clyde in the upper, middle and lower reaches.
Seammmal trends that ocour in the apper and
middle catchment are changed when the Clyde
enters the highly urban lower catchment. (For
interpreeation of the refereness fo codoar in this
fgure legend, the reader is referred to the web
wersion of this articks.}
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Table 3
GHG correlation with water physinchemical properties over the whale Clyde catchment.
GEG EC Tw pH oo e Do felind oM ™" BUWVA sy
CHC .41 034 iR K] —0.47 —0.42 ooz .41 043 0.45 ~QL18
00y-C 023 0.4 S| ~n.28 ~0.64 -2 013 nzs 1% ol
NN 0,49 -4 (R ~m11 ~1L38 ooy .18 04T 0.51 ~m10
Nitex

(1) Additional GG commelations with water phvsinchemical properties over the whole Clyde catchment are inchded in supplementary data - Table A4.2.

(2) Correlation significance increases when the catchment is divided between semi-natural, agrilcubtural and urban.

sources which are fully independent of How (B = 0), (2} point sources
where concenmration appears influenced by flow or rainfall (0« B < 1],
3} diffuce sources where the concentration increases with flasy (D = 1]
anid {4} diffuce sources where concentrations remain constant with flosr

lower catchmens,

(D' = 1). The ionz, nutrientz and GHGOz are categorized for these four
source types in Table 4 and show different behaviourz in the upper and

Mean concenmations together with calculated point and diffuse
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Fig. 7. Correlation between GHGs and physiochemical water properties, Cormelations are for A) the apper and B) hwer River Chyde and O upper and 00 lower Clyde
tribuotaries as sefecied from the groops in Tobie 2. Positive correlations are depicied in boe and negative correlations in red with the stronger coredations inoa darker

shade. Positive correlations { 0.4 and negative comelations |

1.4 bave been exchsded as do not meet this significance criteria {povalue < 0.005) Correlation increases

im the lower catchment, with GHGs strongly correlated with contaminates and Erversely correlated with DO,

concentrations for the River Clyde from source-to-zea (Fig. © and sup-
plementary data Figure A6), show the increazsing significance of point
source inputs in the lower whan river for both 0HGz and nutrientz. In
the upper catchment OHO concentrastions were dominated by diffuze
agriculmural sources. In the lower, uwban catchment point zources
bacame dominant over diffuse sources for CH,, TP and NH and became
significant for Ny, O, NO7 and TON. Additonally, while NOg, N.0
and COy are dominated by diffure flow their concenmrations remain
constant with fow, suggesting a reduced connection with their carch-
ment. Jeneradon of N30 and COg would be in the water column, with
in-water generation and out-gascing approximately in balance (N0 by
{demitrification of dimolved nirogen compoundz and 00y by in-stream
mineralization of DOC rather than input via groundwater). The CHy
concentracions best reflect thoce of TP (R = 0.5, P-value < 0.005), whils
TDN concentrations are reflscted in Ny mi= 0,65, P-valoe <« O.0005]
and O, (B = 0.71, P-value <0.0002) concentations. The locations
€21 {112 km from soarce) and G26 (134 km} (Fig. 8} shoir the highest
concentrations of CHy and Ny, which are within 0.3 km and 5.4 km of

U'WWTP outfalls. The tidal weir {400 m downstream of thiz C26) locally
reduces flow and increases water recidence times, which may act to
reduce D0% peen at thic location. The major point sources identified in
the lower catchment included inflosvz from UWWTP and MW from
abandonad coal minas (Fig. 3D

3.7. Carbon and nitrogen expors to the extrary

Diata mearured ac C26, was used to estimate the carbon, nitrogan and
other direct riverine exports into the Clyde ssmary. The horizontal flux
models for these exporm are included in Tabl= 5 based on volumerric
flonar rats EQ:liumal'l.mm:!npnﬂ,bmdmﬂuwdm for tha
survey period (1-Jan-20 to 31-Dec-21) in mcluded in the final column of
Table 5. Thiz estimate only includes fluxes attributed to continuouz
point or diffuse sources. Sporadic pollution from winter road salting or
periodic agricultural fertiliser application in estimated separacely.

Storm eventa dominated riverine loading of DOC and nutrient from
agriculrural run-off and low water levels dominated inputs from point
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Table 4

Categorisation of the dominant sources of GHG and nutrients between point and
diffuse surces and their dependence on Bow in opper and lower Clyde
catchment.

Upper eatcharent Lowwes caelument
L ETTIETER T TS o doEnd A SOt
Toint Diffuse Foim [Hfuse
Flaw Independent o, No+ i CH,, TF, o, Na*
of flow N 4
(TIN, Mo, HOg,
ot Na0,
(=]
Influeneed by DIE B06™,  OHa MaD,  DIC, 50§, TR, K™,
Mo . e 1, ot Doo
M.ss- @ noc B 9
", TOH,
WOy, NHI,
%
Mises.

T Podnd soiarees independent of Bow are only evident in the lower {orban)
catchment and all G14Gs are influenced by this type of source. Valioes in brackets
are ggnificant sonrces ool the dominant source.

 Ppint sooreey inflzenced by Bow [DIC, S-l.'.lf'. L-I.z-. mz—' are relaied fo
grommedwater inpats. This type of sowree oommaes in both the upper and lower
catchment for this gromp of ions. lons oooeentrations increase by an onder of
magmitnde between the wpper and lower catchment. This can be attributed (due
o extensive further investigation by the aathors) (o mine water oatflows fom
disused coal mines, which is a feature af the middle and lower Clyde catchmeni.
Rainfall inflernces both the water residence time within the mine system and
soree: flow rale inflaence the point sonrce charaderistio.

7 Diffiese sources where the concentration nreases with Bow, ssch as for DOC
are dominated by storm numod events (Vasghom = al, 2007 GHGS in the apper
catchoments bebave similarty to natrient suggesting a dimilar sparce, however in
the kower catchment podnt smerces daminate GHG concentrations to the extent
that for CHL diffuse generation is difficull to detect

4 Diffuse sources where the concentrations are independent of fAow are
exhibited by C17 and Na™, throsghomnt the catchment. Salt in rver water is
typically fpund 1o be damped by the ctchment and independent from atmo-
sphieds inpats. (Meal and Eirchner, 2000), This type of anatysis does nit acoommt
for period mpots such as those cussd by winter road siting,

sources, particularly thooe near to measuremen: locations. Variability in
thiz relationship does arice due to hysteresia. For exampls DOC con-
centrations during storm events are related to the whether the DOC
source iz plentifnl or exhaustible (Vaoghan et al  2017; Vavghan amd
Schroth, 201% and Pohle et 2l 2021} In thie soudy continuons mea-
rurements were not available, regulting in the mability o quantify any
hyoeeresia.

The annual los of TDC from DIC, TOC, C0: and CHy, to the ssary
was estimated 2z 48.39 4+ 3.6 Gg C vr ', with annual DIC expor:
approximately double that of DOC and four times that of CO4 with CHy
accounting for 0.03%. The annual lom of total nitogen, from TDN and
M0, to the sctuary wan estimated 2z 4.03 + 030 Og Ny of which
1.0 represents 0.06%. The largect exports ars for TDC, G-, 305, 02,
all exceeding 40 Gg vr ', with Na* exceeding 36 Gg yr™', with road
winter salting contributing an additional 10 Mz vr ' of CI” and 5.6 Mg
?r'1 of Na™.

Decpite the focus on meamnring DOGC in rivers, a recent UK modelling
study demonstrated that TG accounted for 30% of the TDC flux from the
UK's 7 largeat dvers (Jarvie et al | 2017) and a one-year smdy (2017
meapured DIC 2z 75% of the TDC flux for the same rivero (Tye =t 2l |
2022). Tzble 5 provides a ranked comparison of DIC and DMOC export
from variouz UK rivers, inchuling the River Clyde from this ctudy, bazed
on river catchment ares on a per annum baziz, chowing the dominance
of DIC export over DOC in the UK
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4. Diseussion
4.1. Urben muricnt and climase woerming increase GHG emizsiony

Our study support the growing global concern that OHO emissions
from water bodies are increazing because of the interaction between
nutrient levels and climate warming. More specifically our study pointo
to the largest increaze in riverine 0H Oz coming from urban nutrients and
the riverine climate stressors of low summer water levels requlting in
increased water regidence times and reduced river oxygenation. Our
oource-to-zea methodology chowsed clearly that seasonal patternz of
CH,, C0y and N2 changed between the semi-natural environment in
the upper catchment and urban environment in the lower catchment. In
the zemi-nataral upper catchment OH Oz were higher in winter, while in
the lower urban catchment, GHO were significantly higher in summer.
The OHOs from the urban catchmen: were dominated by point source
inputs and their impact increazed during low river fow and high tem-
perature conditions. In the agriculoural middle caschment OHG con-
centrations increased zlightly above those of the semi-namral upper
catchment but did not exhibit a change in seazonal pamtern. Thiz sea-
zonal change in OHJ concentrations may be related to changes in mi-
crobial community composition and acdvitiea, which hawe been
obeervedl downetream of UWWTP (Y. Thouo =t al | 2022 Beaplisn =t 2l
2010). The abundance of sediment microbial community have been
found to be correlated with EC, organic matter, TP, DO and TN (Fang
etal | 3023). Thia suggests microbial adaptation to changing conditona.

Riverine dizsolved OHG, notrient and chemical concentrations afll
increased from source-to-sea, in line with the increasing percentage of
urban and agriculmural land cover. The increaze in GHO concensrationz
berween the cemi-natural and wrban environment wag on average three
times higher for NyO and CO4, but twenty timea higher for GH,, sug-
geating the significant nature of CHy a0 an whan macker. While thers
were few significant correlations for any OHGo in the upper catchment,
in the lower urban catchment strong correlations occurred bepween all
OHOz and water phyziochemical properties, suggesting that remosal of
contaminates from river systema, could lower OHO concentrations.
Three main anthropogenic sources were identified that increazed GHOz
thege included: {13 UWW outflows az 2 major point source of both CH,
linked to TP and TDN, and NyD linked o TDN; (2) MW oudlows an a
major point source of CHy and G0y emanating from groundwater
Interacting with dizuzed coal minez and (3] :l.gr.i.cull:ural activitiez an a
major diffuce zource of My0 linked o TDN. Additionally, three major
hydrological-environmental interactions were found that increaged
OHO concentrations in addition to those directy attributed to the
nutrient increazes. These included: (1) low oxygen conditiona, (2) higher
temperatures and {3) changes in river geometry linked to increased
water regidence times, and made it challenging to attribute cauzes
aboolutely.

4.2 High nuerient-residence fime interactions promote GHO generotion

Once the availability of TDON iz accounted for (N0 TDN) neither T,
(in the range 0-22°C) or DO% (= 30%) have significant efecm on NyO
concentration. However where water rezidancs Hme increases, Tw and
D086 appear significant. In low fow situations, rezidence time iz further
increaged, decreaging D04 and providing more time for temperatures to
increage in semmer. Boch thiz increazed recidence time (Zamemks st 2l
2011} and low oxygen level [Frey et al, 2020; Rocamond et 2l 2012}
will act o increaze N0, by promoting dentification and increasing the
proportion of NgO per unit TDN.

In the upper Clyde catchment CH, concenmrations are low and highly
variable, with higher CH, observed with elevated DOC occurring in high
flow eventz, suggeating DOC availability may be limitng CH 4. Howewver
in the lower urban catchment CH 4 is strongly pogitively correlated to Ty,
TP, TDN and DIC and negatively correlated with flow and DO%. Thiz
point source CHy generation iz over 20 times higher than that derived
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Fig. 8. Average concentrations from point sowrce and diffuse sources on the River Clyde, The concentrations for e data and d jom af paint and
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Tahile 5
Flix of ©0s, CH,, Ka0, TR, TON, DO, DIC, G, NOS, 805, Na™, NHZ, K .0a™,
Mg™ into the Clyde Extuary.

Wizler Ressarch 296 [J0Z3) 119069

Table 6
Comparison of DEC and DOC expost from UK Rivers as a faoction of catchment
ArER.

Flix Comcontration equations R P Annual
[(QEinm® s ICT = A value expert
Q0 o gon (2o0mes)
Fooelmgl ™) = 360526077 - 0.425 <ODIE 13,5342
LATTG . [ DO 1510
Fuc (gl ™) = GOTOG14, (R E: <O00] 2759 E
1448
Frowimgl™)  —-2217B4.gQ7 - AT 0,001 -
1.5727 a7y
Fomelmgr 'y —gussesn gl 0.78] OO0 FIIE =
.B2E557 G54
Fouge i) = 164065497 4 0.798 DN 144253
0000000354 | () TEEE
Fuzoo Gg~"] = 132024797 - 0.7E3 COO0 23004
D.OTET. R
Frp (el ) = 2450657 ' 4 0,964 CODN 22036
o.o00paa , g e
Fog pumedi™') = BIETEI. Q00 4 omg e copm 48RS
ELIRES) B1EG
Fuo, lpmell ™'} =1533588. 070 4 0.773 <O 13,578 =
742137 1543
Foop (pmali™1] = 1140427 grOHRY ogy OO0 40,963 =
7T
Fusolpmotl~f] = 1046007 .90 - 0.BIT COONT 36,001 =
5247421 = 5734
Fipgfpmadl ') = 13906006 . Q! & 0.342 OO0 408 £ 62
1107243
Fr. (ol - BEaoeRa. Q) agar <001 BBOS =
SE.EAE |, g 1o 474
Fowe (umall ™'y = 1086658, 0 M apg OO0 43,040 =
2376
P (pmali™) = 1349282, M g grgt cO00T 13,558 =
1412
Nnies

W OT = CF 4 €T, whiere CF = A QP and €D = €0 (0 = concentration,
T =Total, P= Print, I' = Diffuse).

2 Two valaes removed for Jannary 21 and February 21 and assamed diss to
winter salting, as salt evident oo the roads

e vahss removed for Angust 2021 duse to tidal ingress at Glasgow green,
this most imfluenced K Mg™ Na"and 1 concentrations.

from diffuse sources. Oeneration of CHy in the lowes urban catchment
may be linked to sutrophication (nutrient enrichment). Our GUVA-,
waluea chow a chift in riverine O sources toward a more microbial and
algal origin, as hag been found 2z human disturbance increases (Lamber
et 2l , 2017). High CH4 in many shallow lakes iz produced by eutro-
phication, mostly driven by TP and TDN enrichment and sediment
microbiome {Davidoon et al | 2018; Aben et al | 2017; Nijman et 2l
2027} Thie mechanizm iz lesa likely in river ecooystem due to comtinoal
Huching, but during low wawer levels, increaged rezidence times in
combination with the high nutrient concentrationz from UWW appear
responaible for eutrophication and significant CHy generation. This may
be enabled by electron donor availability in the receiving waters, This
effect was most exacerbated when water residence times were further
increased by the How restriction at the tidal weir.

4.8. Main wmcersaingy in the cowses of GHT varistion

Oresnhouse gas concentrations were inversely correlated with river
oxygenation Thizs correlation was influenced by several mechanizma,
where the dominance changed with position in the catchment High
turbulence caused oxygenation of the water and outgascing of the u-
perzaturated GHiJa. Respiration, photogynthesiz and decompoagition can
create inverse relationships benween cxygen and COy dependant on their
balance in the water column (Ako e 2l 2021). Low oxygen conditions
can reqult in anasrobic condition, promoting both methanogenesiz and
denitrification, which increase CH; and My0 production reapectively,
from the available rezources. While morbulence outgasses OHOz wo

13

Fivex Castedyent (K] Lo DOC expast Haria
Blzefm )  export  Mglm iy Doy
Mg noC
o
-i
¥r
Hallpdade 193 1.0 13.06 ol [RreTeds B}
et al.,
Tye et al,
3037
Comwy 340 29 1216 a3 [Garel-Maris
et al, 3031), (
Troetal
rukah)
Forth 1025 a4 §1.81 0.8 [Garela-WMaris
et al, 3031), (
Troetal
023y
Tay S0 5.4 a9 5.1 [Garel-Maris
ot al, 3031}, (
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2023y
Tamar 955 an ThH4 1.3 (Gaecla-Marti
of sl 203F], {
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033y
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Tyue 2363 2.5 a3 148
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Bedvin as 235 493 2 [Gu ot ol
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Table & {continued )

Fibves Catehsaens mc DROC expeet Rario
Glee (km™)  export  MgmTiwe! DIGS

Mg DoC
o™
!

AVEgE EIpoIT na 49

Carchsness wsighbed 231 Z98

AVCTIgE SUporT
HNole

Lo of dimmlbved Imorganic carbon (DIC) and disolved organic carbon (DOC)
for the significant British rivers as function of catchment area ag a comparator

for the river Chyde.

[0 exports are from (Garcis-Martin o al., 206217 and DIC exports sstimated
froan [Tye et al., 20220, bat data in thess papers was gathersd as pant of the same
stmdy,

atmosphere it aloo produces conditions lego likely 1o promote CHy and
M40 production making it difficult to fully distinguish the mechanizma.
The lower wurban river has the highest correlations, with GOHGz
increasing exponentially with reducing oxygen levels. The cxygen con-
cenmation primarily influences CH,, while COy and NyO are influenced
by the DO% (CHe B = 0,45, 02 B = 0.74, N20 B = 0.24 (Povalue =
0.001)), soggecting CHs generation iz leas influsnced by tempearamre.

Cummer seasonal changes imparct both temperature and rainfall
which together impact JHO concentrationz. Lower rainfall reduces river
How and diffuze numient inputs and increases the impact of point
source inputs. Higher temperatmures reduce the available oxygen, due to
reduced solubility and can increase microbial activicy. Az fow and
temperature are often highly correlated this can make distinguizhing
thece mechanioms Jifficult. Many researchers suggest temperature iz a
major effect (Wang et al | 2021; Herrero Ortega et al | 2019 and Roge-
nireter &t al | 2021). Howewver, thiz smudy found that the zice of the
Impact of fosw and temperatire on GHO concentrations iz dependant on
the location in the catchment and specifically the balance betwesn
diffuse and point source inputn. The upper catchment iz dominated by
diffuge input, which increase in higher flow and correspond to an in-
crease in GHG concentrationa. The lower urban catchment: iz domi-
nated by point source inputs and correspondz to an ncrease in OHO
concentrations with low flove. Plow and hence nutrient concentsrations
being more zignificant than direct impact of temperamre in accounting
for OHG wariabilisy. After How, TP iz the major influence on CHy and
TOMN on N30, The use of the load appointment model to distinguich
between poinm and diffuse sources of GHG: and nutrients ;uggests that
nutrients, however they are Jdelivered, are Jominating GHO production.
Pully dictinguiching between temperature and flow impacts would
require longer data set with more instances of high fow during the
summer.

Changes in river geometry that reduce river velocity and increase
water regidence dmes also cauze deposition of sedimenm and nutrients
and reduce oxygen saturation. River sectione with inceased recidence
time exhibized higher OHO concentrations, with the largest increazes
occurring in low How conditions. However, proportioning the cause of
idence time, reduced outgassing due
to lower turbulence, lower oxygen conditionz, or depogition of sedi-
ments and nutrients az a source of GHJ production io challenging. Theze
higher rezidence time river sectionz act an point source locations for
GHG generation compared to the surrounding river with CHy concen-
trations showing the moct significant increase suggecting the creation of
anzerobic sediments may be the moat zignificant impact.

Our resultn chow an increaze in OHOg, particularly CH,, in the
receiving river after UWWTPa, with the riverine CH, concentrations
dominated by point source characteristica, pointing to the UWWTP in-
Hows 2z cangal UWWTP generate CHe, in locations such az sewer pipes

this increaze b - increazed
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and primary sedimenttion, although CH, was not noted 2z discharged
in effluent water { Masuda =t 2l | 201 0). We made meamurements of GHGO
concentratons in some L'WWTPe outflows, which wers low in dicsoleed
GHO including CH4, and thic suggestad that CH4 was generated within
the receiving river doe to changes in the river phyzicochemical prop-
ertiez, including mutrient availability, rather than transferred from the
UWWTP. However, we malde insufficient meacurements in UWWTP
outflows, due to their inaccessibilicr, to confirm thiz aboolutely. Unex-
plained CH, concentrations in the aream zections after UWW eatments
wiorks in southwest Oermany were attributed to in-water generation due
o additional organic carbon load in the sffluent water (4lhbool =t al |
Z016). After hydrology was accounted for TP, also dominated by poin:
pource characreriatica, had the highest correlation with unexplained GHy
concentrations (TP R = 0.59 at C261, although thiz correlation changed
with proximity to UWWTP. Other authors indicated correlations be-
rween TP and CHs concentrations, in urban sertings usually by impact-
ing microbial activity (Zhang et al | 2021; Martines-Cro= e al | 2017,
Hao et al | S0Z1)

4.4. Carbon diowide concenmation varichility reduced by carbonate
buffering

Concenmations of GOy were lesz variable than those of Ny and CHa,
mioetly driven by diffuse sources, with point source inflows azsociated
with tributaries receiving MW, causing short-term Oy increaces. In-
stream mineralization of DOG, the moat likely generation mechaniom
for the conzistent super-saturation of COy would reguire = comstant
input of carbon to sustain GOy rupernaturation levels {Winterdah! =t al |
2016). DOC concentrations wvaried little through the catchment
emanating from diffuse input, while DIC increased from source-to-gea,
dominated by MW inflows. Theze MW inflows added significant
amount of DIC from the diccolution of limestome, produocing high
alkalinity, and many dizsolved contaminates. The MW inflows are qu-
persaturated with ©0y, which ootgazes very rapidly in treatment caz-
cades or headwater ctreama. Thiz rapid outgaszing was obeerved o chift
the pH upwards creating a new carbonare equilibrivm. This changing
equilibmtion would convert some of the remaining CO to bicarbonate
rather than emitting it to the atmosphere, thus reducing the gradient of
G0y acroon the air-water interface (Steta =2 2l 2017). Aquatic primary
productivity produces oxygen and conmumes €03 Howewer, primary
productivity can be maintained with diminiched GOy, in high alkalinity
watern by comverting bicarbonate to CO3 to support productivity {Aho
=ral  2021). Comversely mineralization of DOC to GOz would change the
carbonate balance increasing bicarbonate concentrationa. It iz likely that
this significant carbonate buffaring available in the Clyde iz responzible
for the low variability in ©0; concentrationz and the reazon why nu-
wient: rather than carbon awailability appear o infloence GOy

Concentratona.
4.5 Acid mine inflows ore a major source of GHG

In the middle and lower caschment wibutaries, hich concentrations
of both 0Oy and CH, occurred linked to outflows from disuzed coal mine
aditz. Where carbonate rock iz present, and much coal bearing strata in
the UK iz aseociated with Carboniferous limestone {Britich Geological
the sulphuric acid generated in the mine dicsolves the
calcinm carbonate to produce CO: (Hedin and Hedin, 2016; Vesper
e al | IDI6; Jarvia, 2006). Deils of CHes released in MW have not, to
our lmowledge, been publizhed. Mogt OHT: from MW had out-gasoed
before reaching the River Clyde. Howewver high C0s and CHs concen-
wations in T10 weere traced back to several MW inflows. These MW in-
fiows had high concantrations of DIC, 507, Ca™", Mg™" and K, which
together acted 3z a marker for legacy coal mining. Many other MW
sourcez were traced in the carchment with thiz marker, although not
included within thiz publication. Despite the focuz on mearuring DIOC in
rivers, our data suggest that for the River Clyde carbon looz in dominated

BT,
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by DEC, with the annual DIC export approximately double that for DOGC.
Comparison with other riverine smdies demonztrated tha: DIC iz the
major component of the dissolved carbon in UK Rivers, with DIC ac-
counting for 70 to 80% of carbon losz {Table &) Our regults rupgeat that
the anthropogenic impacts of disused coal mines are accelerating carbon

loes.
4.6. Legocy indusery is still detectoble in owr rivers

Other increases in jon concenmations and pH were identified in the
three maost urban wibumries (T19, T22 and T23). Urban tributaries T19
and T22, had the highsst concentrations of DIC, 307, Ca*", Mg and
K*, anributed to inflows of MW from legacy coal mining. Both tribu-
taries had legacy iron or steel making near to the rivers and may have
iron zlag buried within the catchment (Hiztoric Bnvironment Scotland,
2002). Steel siag iz bnown to increaze pH, alkalinity, and Ca*" con-
cenmation [Riley and Magyen, 201510 The urban tributary T23, had the
highest comcentrations of Ma®~ and 503 probably associated with
leachate from legacy paper production (Shinner, 1535} T22 aloo expe-
rienced the higheat Na* and CI” ion concentrations in the winter likely
from winter road zalting, as this tributary has the biggeat road network,
including a motorway. Data cugpgects thar road drainage iz entering the
river directly adding an eatimated 15 Mg yr~ ' of NaCL

5. Conclumons
5.1. Benefis of a source-to-sea approoch in interpreting riverine GHG:

We have uzed the Clyde caschment with itn tranzitioning land cover
from semi-natural through agriculiural and legacy induatrial to highly
urban ar a source-to-zea ztudy to rupport identification of OHO sourcen.
Thiz source-to-oea investigative approach was found effective in racing
how changes in the natore and size of the riverine environmen:
impacted OHGJ concentrations, particularly as OHOa were not congerved
but cutgased in murbulent riverine sectionz. Thiz variable outgaszing
makes correlations on a catchment scale misleading and iz probably one
reason for the high variability in OHG-to-nurient relationchips reported
in the literamare. A key aspect of GHO source identification included the
uze of load appointment modelling to dictinguizh point and diffuse
sources by their degree of dependence on fow. Thizs was effactive in
confirming diffuze OHO sources from agriculture and point 0HO sources
from UWW and MW. Thiz load appointment modelling approach
enabled two main seaconal impacts, high temperamre and low water
lewels, to be distinguiched. Analyzin suggested that the impact of low
water levels dominated owver temperamre changs and failure to accoun:
for changing water levels, with their implicationz for oxygen and resi-
dence times, may account for some of the variability in the impact of
temperature on JHO generation reported in the literasure.

Meagurement of a high number of water phymiochemical propestiez
allowed source Ongerprinting of different inflows, which enabled
detection even when the inflows were not phyvically identified, sup-
porting identification of contmmination from legacy industry. Results
ruggested that outflows from UWW meamment plant: caused generation
of OHO within the riverine water colomn Changes in the seasonal
pattern of OHO generation associated with urban wastewater inflows
could be due o changes in microbial community strcture, entrophi-
cation at low water levels and supported by the availabilicy of alectron
donors and acceptors in receiving waters. This waz not confirmed ag pare
of thiz study, and it iz ;uggested that future surreys chould be designed
to guantify in-water generation resulting from mixing of UWW and
riverine water.

The moat important anthropogenic OHO from inland waters ia CHy
(Rosentrater =t al | 2021}, but CHy outgaces the moot rapidly, due wo it
high concentration to solubility ratio, ac such carchment acale analyniz
can be mizleading. Improved medhods to detect and quantify CHy con-
cenmationa are reguired. A drone-mounted CHy sensor might be
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effective in identifying point sources while continvous in-vime CHy
meagurements would better define source-flow relationchipe, although
penazor reliability and sensitivity needs improvement. Where the source
of nutrient pollution iz unclear, human wacers such az caffeine could be
applied to support understanding of contributions to nutrient pollution
(Mizulawa et al | 2019, and Chen =t al., 20021

5.2 Implications and idexs for policy makers

To effectively reduce anthropogenic OHOz from the riverine envi-
ronment it iz important to understand their sources. Por the River Clyde,
U'wWW outflows were a major point source of both anthropogenic GHa
and Ny0, MW outflows a major paint source of anthropogenic CHs and
S0y and agricultural activides (including field and farmyard mun-off and
poorly mainmained septic tanks (zeptic tank are not effective in removing
nitrogen and phosphorous {0 Keaffe et al | 2015)) were a source of
anthropogemic Ny0. All sources of OHOz were associated with high
concentrations of nutrients. Hence reducing nutrient loading, industrial
and legacy contamination and agricul ral ron-off would ultimately act
to reduce GHOz within riverine environments. Pollution point sources
are eazier to ackle ac the location of the inflows are known,

While many UWWTP in the Clyde have phosphorous remowval, our
meamurements suggest that levels of effectivenss: vary between plant,
suggesting improvement iz possible. Additonally none of the UWWTP in
thio area have nitrogen removal [Buropesn Commission (Directoracs
2016} Riverine environmentz with low
oxygenation, increaced river residence times and high levels of nitrogen,
ghould be prioritived for nitrogen remowval from UWWTP to have the
largest impact on Ny redoction. Urban influences may have stimulated
adaptation in microbial communities, further inceasing OHG produc-
domn, and further studies of microbial activity may support OHO reduc-
ton. Mirogen capture at UWWTP could ultimarely act ag an important

O=neral Enviromment],

source of fertilizer, avoiding outflows to the environment (van der Hoel
=t al, 20150 Mine water iz more difficult to tackle in terms of GHO
generation az OHOn are generated below ground with the generation
mechanizm poorly understood.

While agricultural pollution waz primarily from diffuse sources
additional measurements chowed a rignifican: proportion entered the
Clyde via the numerous feld drainage ditches and small streame, which
could be treated 2z point aources. Approaches to reduce run-off may
include: (1} use freshwater wetlandz for nirogen and phosphorus
removal (Land et al | 2016) and wetlands kave been shown as effective
for diffuse run-off (Ochenden et 2l 2002); {2) uee of biochar filtration,
an effective technology for both cleaning of wastewatsr and run-off
water, Ita capabilities include removal of peaticides, crganic chemicals
and nutrientz. Howewer, a practical approach for application to zcmall
streams iz nesded. After use the biochar could be redeployed onto
farmlanid supporting carbon zequestration and a circular economy,
recycling nutrients and further preventing run-off (Catizzons =t
20:21; Phillipa et al | 20022 Kamali ez al | 2021]; (3) Riparian buffer zones
are recommendsd berwesn crops and rivers. In Scotland, Ceneral
Binding Rule 20 requires a buffer strip at leas: 2 m wide to be left be-
tween qurface waters and wetlands and coltivated land (S2ZPA. 20090
Thiz rule waz not set with the objective of reducing nutrient leeching.
Purther research demonstrates thar woody vegetation iz more effective
than thrubs or grazs at preventing nutrient leaching to rivers, with a 60
m buffer atrip effectively removing all mutrienm {Aguiar = al | 201501
While thiz would take considerable agricultoral land, approximavely
704 of nutrients are remowed by 2 12 m oerip, which would also smbilize
river banks, reduce erosion and sediment losz, increase biodiversity and
provide chaide making the riverine syatem more robust to climate change

(Cole =t al 207200
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Addendum2 - Anthropogenic-estuarine interactions cause disproportionate
greenhouse gas production: A review of the evidence base

The chapter has been published in the Marine Pollution Bulletin volume 174
https://www.sciencedirect.com/science/article/pii/S0025326X21012741

with the following DOI - https://doi.orq/10.1016/j.marpolbul.2021.113240
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ARTICLE INFO ABSTRACT

Feyword: Biabogically productive regions such as estuaries and coastal areas, even thoegh they only cover a amall per-
Cpiszlaruse: g centage of the worlds ocsans, contribute significantly to methane and nitrous oxide emissions, This paper
Hiarin nrids synthesisves greenhonse gas data measured in UK sstuary stadies, highlEghting that nrban wastewater loading is
::::iﬂ significantly correlated with both methane (P < (L0017 and nitrows oxide (P < 0.005) concentrations. It dem
Saltwedge omstrates that sperific estuary typologies render them mare sensitive o anthropogenic inflnences on gresnhouss
Pulty-mbxed gas production, particulariy estuaries that sxperience bow caygen levels dae to redoced mixing and sratification
Mistrletis or high sediment cxygen demand. Significantly, we find that estuaries with high whan wastewater loading may
Uebuim wastewates be hidden sonrces of greenbowse geees glohally. Synthesising avadlable information, o conceptual madel for
Aoz greeshomse gas concentratims in estuaries with different morphologies and mixing regimes is presented. Ap-
Hizrate: plications of this made] should help identifeation of estuaries susceptible (o anthropegenic impacts and potential
Hiirice b

sk hrtspots for greenhouss gas emissions.

Tidal range

River fonw

1. Intreduction Oremisnd =t al | 1983 Franklin =t al | 1906: Munson =tal | 1997 Torres-

The climate iz considered unequivocally to have warmed cignifi-
cantdy since the 1950z with increaszing levels of gresnhouze gazes
[GH.U:], u-irhrh:hrg:ﬂt coatribution derived from carbon dioxide (L= s Py
followed by methane (CH,] and nitrous oxide (N0} (IPCC, 20151, Shelf
zeas incloding estuaries and coastal areas, cover approximately 9% of
the world's oceans (Harriz =t al 2014) and are highly biologically
productive, driving between 10 and 30% of marine primary production
(Gharplez et al, 2019) and contributing about 75% of the oceamic
methane emizgions {Bangs =t al_, 1994 Shelf seaz are a major nitrous
oxide source, with Buropean chelfl sea (9.4% of total chelf) contributing
26% of global oceanic nitrows oxide (Bange, 1006}, largely through
denitrification-nitrification cycling from terrestrial runeff. Additionally,
the outflows from urban wasztewater (UWW) contribute to enhanced
nitrous oxide production (McElroy =t al | 1878; de Angeliz and Gordon,
1955; Deltminger, 1968; Law ez al., 1992}

A4 review of the literanire on estuarine methane emizssions from
different locationz globally (Bange et al, 1994; Bemanf, 197E;

Alvarado et al, 2013; Bange etal | 1998; Lyu et al | 3010), suggests that
estuarien can drive particularly high methane production, despite their
varying physical conditionz, where they have the following conditions;
high levels of orgenic matter, active sedimentation processes moving
both river and sstuarine gediments to wap organic matter and low ox-
veen levels Similarly, a range of studies {Wrage et al | 2001; Plenning,
1996; Revobech et al | 2005, Reay et al | 2003; Parinzon et al., 1995
Beanlien =t al  3011; Yu ecal | 2013; Rosamond et al., 2012) suggesta
there are several major controls on nitrous oxide production within ec-
toaries in both pitrification and denitrification rates, incloding ammeo-
nivm {MHi") and nitratre (NOs7) concentrations, dissolved oxygen,
organic master availability and temperature. Oreenhouze gaz fuxes
generated within the estuarine environment are often highly variahle, az
reflected in the conziderable mnge observed in UK, Beropean and global
estimates (Lpatill-Joddard and Barnea, 3016; Borges exal | 2016; Bange.
2006). Buropean estimates range in the onder of 0.007 to 1.6 Mt N,O
vt and 0.03-0.7 Mt CH, w7 ', with UK estimates accounting for more
than 20% of theoe wvalues. Howewver, there iz both 2 pavcity of Jam for
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eztuarien globally and concerning the drivers of these emiszions. There iz
a clear need for an improwved understanding of anthropogenic impacta,
largely in the form of urban pollution, az well az the interactve effectz
aszociated with tidal fluching and river regimes, climate, temperature
and land-uze. In onder o increaze the confidence in the magnitude of
these ectuarine OHOz az part of the general [POC process ([PCOC et 2l |
2006) and the UK government's carbon emission strategy {Inatinat= for
Oovernment, 2020), further elucidation of the mechanioms that
generate O0HO emizzions from estuaries iz required. Such undemtanding
could nform policies to help reduce emimions in anthropogenically
Impacted estuaries.

Batuaries have long been considersd an effective location for the
dirposal of whan and induatrial waste; requlting in conziderable legacy
pollution (including metals). Nizogen and phosphoruz compounds are
not typically removed from moot wastewater dischargen to estoariea,
although thiz iz dependent on legislation. In the EU and UK removal
requirements are related to plant cize, the guansity of nutrisntz and
eutrophication rizk (EEC. 1991). Where nimogen compoundsz are not
removed from wagtewater, nitrous oxide production may occur when
the meated wastewater is discharged to rivers and estuariss. Ammonia iz
rapidly oxidized, a process that consumes oxygen and other available
electron receptors, which may pr te methanog io and the pres-
ence of ammonium may further inhibit methane oxidation (Dunfield and
Enowlez, 1995; Bocs= =c al, 1993) {Fig. 1). Additionally, nitrification
processes may deplete oxygen, preventing methane oxidation, and
where oxygen concentrations are low or highly variable, as typical in the
estuary environment, denitrification may be triggered {Marchant et al |
2017}, even with oxygen present, thereby increasing nitrous oxide
concentrations. Batuaries with high surpended zadiment loads may aloo
rupport nitrogen processing in the water column {Bames and Upenll-
Goddard. 20115 The effects of temperature, salinity, ammonium con-
cenmation and pH can further affect the nitrification rate {lananzeno
etal  2014) with a calinity optimum between 12 and 20 ppt, suggesting
more nitrogen cycling would ooccur in an estuary than in either the
Erechwater or coastal environmentz. The esmary, therefore, iz pechaps
the least cuitable environment of the land-ocean continvum for the
discharge of UWW effluent when considering resultant OHO emisziona.

3. Objectives

Investigations of OHO emizsions from estuaries and coastal waters
hawe typically been conducted with the purpose of improving the

Muarine Pollurices Fullerde 174 [Z022) 1 [3240

estimate of GHC emiions from estuaries on 2 UK, Bvropean or global
ocale. There has been lesz emphaziz on determining the imterplay of
proceszes that regult in these high OHO emissions and our underctanding
&mhemmmphu.hmmmn@.ﬁmnﬂymﬂmu
phyzical characteristics and degree of anthropogenic influence, it can be
difficul: to determine exact cavsation mechaniomsz for this globally
important source. Bxisting data to our knowledge, have not been veed to
diztinguich beoween natural or anthropogenic emissionz, nor have op-
paper syntheaizes published GHT data from UK estuaries in conjunction
with other public domain datm to address the following objectives. To
determine the: 1) causes of estuarine ©HOz, 2) mechanioms that pro-
mote high estuarine OHO concentrationz and 3) optimum approach for
quantifying esmuarine GHOa. It employz 2 serien of case studies of UK
estuaries examining possible cavees of high GHGz and their interaction
with different estuary typologiss (Fiz. 2). This results in a conceptal
model of OHO concentrations for different eztuary typologies and io
followed by an overarching synthesis pection. Thiz synthesis section also
conziders how eztoary OHO concentrations and esmary typology impact
OHT emizzions to the atmoosphere and whether eotuaries are an overall
net carbon sink or source.

3. Methods

A literamure zearch containing the following terma waz used to select
the papers to be considered in this review: ‘greenhoure gas” OR ‘nitrous
oxide’” OR ‘methane’ AND 'esmary’. Only daca from messurements made
in the UK were applied in the analyziz section to limit the variabilicy in
terma of geographic, climatic, nutrient and tidal regimes. Some ectua-
rine OHG data from other geopraphic areas are contrasted in the dis-
cusgion section. Methane and nitrous oxide concentration valoes from
five sudies conducted between 2005 and 2021 (Table 1), have been
extracted az average values for specific surveys or esmoaries (Table 25
Theae data were compared with other phyzical paramesers from publicly
=vailable data associated with each estuary, including: ectuary area and
catchment, tidal range, river flow, oxygen concentration, land cover and
the level of urban wastewater entering these eamaries (Table 3 and
supplementary data Tables Al and AZ), together with data on nutrients
and legacy pollution typically wing linear regreasion methoda. The
thirteen estuary oy mainly conzidered in thizs analysis (Clinde,
Cl'_lrwd.,Gulne,Gnnwy Dart, Deben, Forth, Orwell, Stowr, Tamar, Tay,
Teez and Tymel, see Fig. 3 for ectvary catchment locations, represent

Atmosphere

Fig. 1. Simplified nitrification-denttrification pathways in sstuaries. Nirification is shown in the asrobic water-colmmn with cxygen from the water colmmn also wsed
im mitrification in the sediment layer. When insufficient axygen is present de-nitrification can occer in the anoxic sediment layer. Decnitrification can akso ocour in tee
water column [inked to sediments, when oxygen levels are low, such as below a pyenocline.

2
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Lauses of Interactions with S tual model
estuarine GHG  |—2] estuarine typology oncepiual Modet —X  Conclusions
Case studies Case studies GHGs in estuanies
PR Stratified e
UWWW loading in 3 Cluantifyin
estuaries gi;‘ggée:ﬁr; Sall wedge estuary astuaring GHQGE
|| Impact of nuirients Mixed estuaries - Fully-mixed L Areas of
on nitrous oxide tidal range Eg;uaw uncertainty

|1 Impact of nutrients

Opportunities to

an methane reduce GHGs
Fig. 2. Omtline of appriach in this paper.
Table 1
Sammary aof published data applied in this review.
Study srope GH Sampie Sampling durations Samgling appaach Samnpling Holabion Brady refesence
sampled depa
1 Tay, Forth, Cyde, C0y, Hy0 Surface Quarterty, usually Ebds tide srasting at high Gaites across o sallnity  (Piokard aral, 2023)
Tamar, Dast, Coarwy & & CH, Jul 3017, Oct 2007, Jan wares, sangiing wgradiem
Chywd 2018, Ape 2018 downsteean
2 Tay Cl, HyD Surdace Eight oecesions from Ap Ebbs tide sasming at high 10 sites at Rved 2015), {
& CHs 2009 - June 20010 watey, saspling b v | 1)
downstreas
3 Humber, Fordy, Tamar, MaD 1 m depab Variable bersenn Flood cide staming after ow 720 aines, dise to
Tyne, Toes, and Tay Fed 2000 - Dt 2002 fromm ] wates, sunpling npstres estuary & locsd
and 8 surveys eanditicns
4  Hamber, Fortl, Tamar, CHy 1 mdegth  Variable berwesn Flood ride starting after lew  7-20 sites, die tn
Tyme, Tees, and Tay Feby 2000 - Oog 2002 freen 1 wiare, sampling updeam estusry & local
aind B srveys conditions
5 Caolne, Gtow, Orwel, ] Surtme Quarterly, Aug 01, Now 01, Ebbs tide arasting at high 1016 sites dependent  (Dang et 8l J005)
Diehem, Hamber, Comwy Peb 03, May 02 Conwy - wates, sampling s ESTumEy

2002-2

o nstressn

Nodes for sodies 1-5:

1. Nidata weee avmilable for the Chywd I Jansasry, snd the Dert and Tamar bn October. Targes safinities were ypically 0.2, 2, 5, 10, 15, 25 psu. Sarveys covered different physical extent

due to the salininy eriteria applied. Mo 00, datn was available for the Tomer and Dart.

2 SBarvey dates were Apr0%, Jun 09, Jul-09, Gep-0f, Feb-10, Age-10, Jun-10 and Aug-10 {fnal survey not included in publicatica, )
2. The nummbwer of murveys undertaken for NyD wess Tay: T, Humber: 3, Teesc 3, Foeth 4, T 4 and Tyne 8.
& The mumber of surveys ondermices for CHy wers; Tay 1, Humbers 2, Tamar  Tees: 3, Fortle 4 and Tyne 6. (Metisne sorveys ane @ mobset of tose for piirous axids (3) with one

sddicional survey for the Tynel,

5 Thespecific dates of the measuements are oot provided, The ivers Mowddach and Devey were measured but dats were ot provided for e esnuaries, so this has pet boms ncluded.
& Abbreviarions: - Greenhouse Gas (GHG), Mechans (CF4), Nitrous Oudde (N20]), Carbon Diaxlde (002)

12% of UK estuary systems and 9% and 15% of the UK ssmary and
catchment areas respectively (Nedwell et af | 2002). While 2 single
survey was available for the Thames (Middelbarg =t al., 2002) and three
for the Humber (zee Table 11, these ectuaries have not been included
because of their size and complexity. Different ctodies vee differen:
surveying approaches; comparison between studies iz possible bue
imperfece. The major differences berween smadies are in the depth of
meagurements, either surface or at 1 m and the phaze of the tde on
which the srudies were conducted, either the ebb or the flood (detailed
in Table 1). Both of thege factors chould be leaz zignificant for a fully
mixed sauary compared to 2 zalt wedge esmary. Geasonality iz alvo not
fully covered in 2ll srudiec. Consideration of these result and the var-
ances calculated for each estuary suggest that esmoarine variabilicy io
more zsignificant than the cmall differences in survey approach.

4, Cage studies conzidering the effeet of urban wagte and
nutrientz on OHT produstion

The relationships betwesn UWW and nutrients on both methane and

nitrous oxide concentrations in the estuary snvironment are conzidered

in the following thres case smudies: (i) effects of UWW loading on
average GHO concentrarions, (i} cauzes of high esmarine nitronz oxide
concentrationz and (i) effactz of different nutrientz on methanes con-
cenmationz, Relationships between GHO concentrations and ertuary,
catchment and land-cover area are reviewsd in supplementary data
Tahle A2 and Fig. Al

4.1. Wastewater loading is a primary driver of both methane and nitous
oxide emizrinms

The average methane and nitrous oxide concentrationz for nine and
thirteen egtuarier respectively appear highly correlated with urban
wantewater loading per mean river flow (Fig. 4L

Riwer-sstuary syatems that have higher levels of U'WW per unit river
flowr have both higher methane and nitrous oxide production on average
{Fig. 4). The correlation coefficients for both methane B* = 080
{excluding the Clyde) and nitrous oxide B = 075 (all data) are seis-
dcally zsignificant degpite the large number of factorz that could inflo-
ence methane and nitrous concentrations including: namural estuarine
variability, anthropogenic affects and survey protocols. MNamoral
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Table 2
Sammary of average methane and nitrous oxide concentrations measured.
Estumry Yeaar Rrderence’ Mo ol Averige CHy Averuge N0 Average CH, Average Nz0 CHy Nz
BV {1y} {nMT) (% mar) % sat) ratie
Cioenwry I0I7-18 1 4 I02.1 3.0 564 130 7.2
Chyrd 718 1 3 178.6 13.E 5571 140 129
Tamar I07-18 1 4 iy L X 17.5 70 Pl 123
Dhart 20718 1 a I87.1 6.0 G416 L3 1.7
Tay 2017-18 1 4 533 130 14756 a7 4.4
Forth 718 1 4 1883 244 4128 261 4.6
Cipde 07-18 1 4 1120.6 214 21,285 5] 4B
Tay 0010 =z E 482 jas 2698 na is
Houare besr 200002 I a4 3 ER1 T1.4° 1546 6 0.8
Forth I000-ad I&4 4 1784 20,1 EOGT 152 B.%
Tamar 2000-a2 3 &4 -4 1229 18.5 3047 ian ot
Tay 00002 3 &4 1 I8 a4t == o4 15
T 200002 I a4 3 =l &A.E" 14,559 =3 7.3
Tyme I000-ad &4 -8 F10.0 14.0¢ 26,348 124 GE.0
Ceodllni 300722 5 4 i 197a il a3 na
Ehowr 2007-a2 B 4 [ 24.9 nx 143 na
Crweed| 200102 B 4 ni #6.3 Pl A7 na
Dhazhwiny I00]-ad 5 4 (i1 2lE i 187 o
H':r;'::ﬂ - W02 5 4 na 2L na 187 na
Hasihesr (Hunsber By - sprn head) 0102 B 4 il 247 (it 149 na
ey 3003-03 5 4 A I8.6 il iid g

Abbreviations - Methane {TELJ, Nitrous Cxide (MO0
* References see Table |
® Estimated from concentration data provided in reference 3

eztuarine variability would include: stratification, tidal range, didal
asymmetry, frech water Quching time, average particle residence time,
river flow, the thape and area of the esmary, area of tidal fats and
s=dimentation processes. Qther ignificant anthropogenic affects mighe
include the percentage cover and type of agriculturs in the carchments,
induatrial waste, water extraction and legacy pollution. The main vari-
ation amsociated with the surnvey protocols include the number, seasonal
balance and range of methods uzed. While on average all sstuariec fic the
relationchip between OHC concentrations and UWW loading, the
methane to nitrous oxide rado iz higher for the Clyde and Twne
compared to, for example, the Tay, Porth and Humber estuaries
(Table 2). Here, estuary morphology may be an influsncing factor. The
large and exposed Tay, Porth and Humber syutems may allow for maore
effective caxygenation of the surface waters reculting in more methane
oxidation, in comparizon to the phyzically reztmicted, narrow eamaries of
the Clyde and Time. Morphological variation azide, these data underline
the potential importance of UWW output on both methane and nimrous
oxide concentrations in estuarine environments and undermine the
azzumption that diccharge into estuaries iz fushed away without envi-
ronmental repercusziona.

To further investigate the relationship besween urban influences and
estuarine OHOz, catchment land cover was congidered (Morton et al |
20200, (eee supplementary data Pig. A1) These relationships strongly
rupport the inference that high urban populations increage both samuary
methane and nitrouz oxide but agriculture primarily impacte nitrous
oxide concentration. The limited data for carbon dioxide (only available
for five sctuary oystemsz) hac a positive correlation with UWwW loading.
Bicavailabilisy of anthropogenic derived organic matter may promots
microbial production and degradation, rather than carbon sequestration

{Garcia-martin et al | 30780

4.2 Nitrous oxide concentrations nignificandy incressed by actvation of
denitrification

Nitrowa oxide emizsions from rivers and sstuaries have been linked to
the dissolved inorganic nitrogen (DIN) concentration for which agri-
culture and sewage treatments are concidered the main sources (Cong

et al  1T005; Bames and Upstill-Ooddard, 20110 Pig. 5 shows the

awerage nitrous oxide percentage zaturation against concentrations of
nitrate, nitrite and ammoninm respectively from (Dong =t al, 2005;
Pickard et al | 202%). While these plots confirm the strong correlations
bepween nitrous oxide and particularly nitrite and ammonium, az pre-
vigualy reported (Dlong =t al.| 2005) and are generally conzictent for all
zuthora, there are exceptions, specifically for the Colne, Porth and Clyde
(zee ringed pointe in Fiz. 5 a, b, ¢} which demonctrate higher nitrous
oxide concentrationz compared to DIN loading. The relationchip be-
twoeen DIM and nitrous oxide percentage saturation for cix ectuaries also
thown higher nitrous oxide concentrations for the Forth (Bames and
Upatill-Ooddand, 2011, Fig. 6). The river data (Dong =t al | 2005), chow
no exceptionz, even for the Colne Additionally the relationship between
nitrous oxide and ammonium (but not nitrate or nitrite) iz diffsrent
betwesen the rivers and estuarisz Mitrification, swhich converts ammo-
nium to mitrous oxide, requires oxygen, and rvers are typically more
oxygenated than estoaries.

The Colne ectuary is muddy and hyper-nutrified {Dgilvie ecal | 1997)
with strong gradients (increaring up river! of nitrate and ammonivm due
to inputs from the river and cewage reamment. Sediments located near
the tidal limit were found to be major zites of denitrification and
correlated with high nitrite concenmations (Robinzon =t al | 1995;
Dolfing et al | 2002). Dissolved oxygen data for the Forth chowed a
strong negative correlation with nitrows oxide (Barmes and Upedll-
Goddard, 20113, and both the Clypde and Forth are known to experi-
ence low oxygen conditions under vome tidal and river flow regimes
{Scottich Environment Protection Agency, 2020} These are ail consis-
tent with a denitrification mechanizm for the higher nitrous oxide in the
Colne, Forth and Clyde (Fiz. 5). Uncoupled bacterial Jdenirification
supported by nitrate diffusing into the sediment from the overdaying
water column and by the sediment organic carbon content, can exhibit
faster rates of nitrate reduction (Dong et al | 20040) with organic carbon
content determining the potential capacity of denitrification when the
nitrate concentration iz not limiting with bacterial communities adapt-
ing to high nitrate concentrations. Hence when high lewvel: of oxidised
nirogen and ammonium are delivered to an estuary thiz mechanizm iz
likely to recult in high nitrous oxide production. Nitrous oxide concen-
rations are more significandy impacted by the presence of ammonium
compared to nitrate (Fig. 51, juggeoting nitrification with exceptionz for
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Table 3
Physical chamcteristics of the estearme systems.
Estury  Estoary Estuary Wen Tidal LFWWT TWAT LWWT I'WWT Capacity/ Mixing eegime
cabchanent e’ fresdvwanes Fange Capacicy Copasity Capaicy Mazan frestwiter
Area® {km*} input® () HATIAT  Estuary’ Riwer! Taital Ingrat {pses 1000)
{le’} () ippequ)  (ppegsl  ippoequ)
lasrotided, well mixed,
1 Coowy 345 14.3 1 01 £2,731 4072 o2 50 TN can strarify on fleod and
mmix on the ebb®
2 Oywd 598 1.2 1nz w7 £2,24R 27,057 115,285 1028 Maerotidad, well mixed
lasrotided, well mixed,
lone salinity TMZ,
i T 1338 35G ny B9 353,06 46,51 404,737 1783
e srrarifle gt oo o
ebb’
Mehaerorticled, sivatified
4  Tan 475 8.5 1.3 591° 56,084 22,134 58,218 516 weap & low freshwiter
runcet’
Macrotical, partally
5 Tay S 1213 201.1 631° 5,000 59,975 197975 L] mixed, srutified on ehb,
lemgrudinal frots'
Maerotidal, well mized,
&  Forh 1598 4.0 a4 631 6T, T 111,250 278,950 BT loner mallmity TME, deabde
ligh o waters'
Mbesotidal, stratified at
e, chimned]
7 dpde IE54 549 571 3.90 1,169,202 A 04E 3584
¥ ES6.8 04 . el
deawspromed
Mlasrotided, well mixed,
8  Humber 19,417 3055 FIEE! 7.3 - S
Macrntdal, partially
3 Tees 1980 133 24 E99 932,307 10,892 543,259 AZ1E imdved, mratified at neape
and on ebb tide
Macrotidal, pamially
10 Tyne 2935 75 o5 573 1.003,785  T0A4T4E 1,108,533 2927 fed, ke sy THEE®
Macrotical, with
12" (olne 255 23,4 1.1 471 144,152 IBATS 1787 161.52 exensive miid flat and
tidal evenks®
Melacrotical with exensive
15 Stour 578 25.3 a1 471 48,355 55,952 104,287 35.68 i kel ks
Melaeroticlad with extensive
14 Orwell = 14 471 178,075 11,731 164,606 1407 e P e taclal ereaks®
15 Deben - + o8 4.7 28,630 GO0 34,630 43.78 Mlacrondal

Abbreviations: Highest / Lowest Astronomical Tide (FL7 LAT), Urban Wastewater Treatmend [TWWT)
* (Medweil =t al, 20020
B Al floew diata were derived from CFH [UE Centre for Ecoligy and Hydrslis
mean fow data represent the specific river mentioned unless stated below: Clywd is the sum of the Chywed and Ebwy, Tay is the sum of the Tay and Earmn, Clyde is the sum
of the Chyde and the Kelvin, Humber is the sum of the Aire, Treat, Ouse, Do, Wharfe and Derwent, the Tees & the sum of the Tees and the Leven and the Tyne is the siam
of the Tyne and the Derwent.
£ (B0, 20000, (*10ue to the location of standard ports the Forth estuary tidal range is applied to the Tay and the Tamar estoary tidal ringe is applied oo the Dot
4 {Enropean [
* [Robins af ml,
f (Lincles and Stepheny, 19593)
8 [Thabn et al, 2004)

mmibssion (Dirsctomie General Envirommeni ), 2016]

L] (Wewstzers o al,, 1999 (Mchams, 20005)

! (Linesay o1 al, 1996)

! [(Scotish Envirooment Protecion Agency, 20NT)
k (Mlinchedl e al. 1990%, (Mitchell & al, 19598)

I {Envirnmmental Apgency, 19549)

™ (Upstll-Goddard et al_, 200a)

® [Dung e al, 2005)

Colne, Porth and Clyde. The dymamic often low oxygen environment
within these estuariss may trigger deniwification even with oxygen
present { Marchant et al. | 2017) and mid-salinity waters and ammonium
concentration can further optimice nitrification rates (lmmans=tyo et al |
2014). These two observations ruggest that more nitrogen cycling can
occur in an egtuary than in either frech or coastal waters. Thiz data
underlines the importance of preventing both excessive inputs of nitrate
and ammonivm and the oocurrence of low oxygen condition within

estoariea.

4.5 Methane dynamics driven by ammonium concentrations

Average methane concentration data from seven ectuaries (Pickard
=t al | Z022) appear highly correlated with nutrients, particularly nierite,
ammonium, phosphate and (Fig. & b, ¢, d respectively). While canzal
factors are not clear, the higher correlations with nitrite, ammonizm and
phosphate (7 < 0.001) point towards UWW az a contributor to methane
production in the estuary. Converzely the poor, not statistically signifi-
cant, correlation with nitrate concentrations, would not suggest agri-
cultural ron-off in significantly affecting estuary methane production.
Thiz iz consistent with the land-cover data in supplementary data
Table A2 and PFig. Al. Purthermore inputs from agriculture mypically
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Fig. 3. Map showing estuary catchments of the thinesn estbary systems mainky considersd in this analyss,

occur higher in the catchment compared to UWW giving more tme for
processing to oCcur prior to water arriving in the estuary.

Methane concentrations can be influsnced by DIN indirectly. Nitri-
fication of ammoninm requires oxygen and thiz process may consume
rufficient oxygen to reduce methane oxidation through the water col-
umn. Additionally inhibition of methane oxidation by ammoenium can
occur in the surface layer of 2 sgediment, allowing more methane evazion
(Bogoe et al | 1993 Dunfield and Knowles, 1995). Convercely if deni-
trification iz the prevalent mechanizm of nitrousz oxide producton, the
lowr oxygen environment that promotes nitrous oxide production would
alzo reduce methane oxidation, resulting in 2 secondary correlation.
These potential mechaniame linked to oxygen lewels are aloo congistent
with the poor correlation with nitrate which doec not require coxygen for
further processing. These relationchips only hold for each estuary survey
az = whole, not for each specific meagurement point, suggesting that
procesa timescales are important (Fig. 6.

4.4.. Urban waste and murients ooy

Batuary syotems that have higher levels of nutrients from UWW per

umnit river flow have higher methane and nitrous oxide concentrations
2nid both methane and nitrous oxide concentrationsz are more stwongly
correlated to nitrite and ammonivm concentrations than nitrate. Anal-
veiz on the influence of land-cover (supplementary data Table A2 and
Pig. A1) strongly support the inference that high urban populations in-
creage bodh estuary methane and nitrous oxide but agriculure primarily
impacts nitrous oxide concentration Significantly higher levels of
nirous oxide and methane occur in ectuaries that experience high urban
loading and low oxygen conditions, likely wia denitrification and
inhibired oxidation pathways recpectively. The natural but highly var-
izble conditions in estuaries related to changing oxygen levels and mid-
salinity values may act to increase nitrogen cycling rates in estuaries
compared to either fresh or coastal watern and suggest thar UWwW
diocharge into ectuaries has envirommenta! repercuszions related o
OHG=z.

5. Estuanine processes as drivers of GHO production

To elucidate the impact and interactions of estuarine processez on
OHG production it iz weeful to congider different oypes of estuaries,
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where there iz sufficient data for interpretation, 2z morphology strongly
influences sctuarine procesoes. Az such pwo different estuaries with high
urban loading: (i) the Clyde (Pichard et al | 2022), which can be stati-
fead and (&) the Tyne, (Bamea and Ll_:':l:ﬂ-'.‘] oddard 2011 v Ups ill-Gad-
dard and Barnes, 2016], which iz well mived with a distince turbidity
maximum, are conzidered and conmasted with more pristine syztema.
Mote that estuary area was found to have no significant correlation with
OHJ concentrations.

5.1. Esmuary scratfication loading to near bed onoxio driving OHO
produckion

Very high methane and nitrous oxide concentrationz hawve been
obzerved in the Clyde egtuary (Pickard =t al | 20221 Thiz may in pare be
atiributed to the frequent occumrence of near-bed anoxia, az evidens in
continsoualy monitored qurface and near-bed oxygen data in the upper
eztuary by Inner Clyde Eotuary {ICE)} monitoring buoy (Scoctich Eowi-
ronment Protecton Agency, 2020 Anoxic events are most common
when neap tides and low river Hown align. The inner Clyde sstuary,
which iz long anid narow, has been anthropogenically conatrained with
near vertical walls along much of i length and obetacles such az
sandbanks removed by dredging. Thece factors together with the lower
tidal range (Table 3) reduce turbulence and consequently mixing, in
contrast with most UK inner ertuaries. When low river Sows coincide
with neap tides the reduced energy conditions result in a strong

pyvenocline and low oxygen concentrations particulary associated with
the lower portion of the water colomn. These low oxygen concentrations
enhance conditions for OHG production.

Four qurveys covering different river flows and tidal rangea, average
methane and nitrous oxide concentrations within the Clyde estuany
showed considerable temporal variabiliey (Pickard =c 2l 2022; Table 41
Potential key drivers of thiz variabilitr include tidal range, river tlow,
surface and bed salinity, temperamre and oxygen levels. While there iz
inoofficient data in four surveys for the mechaniomo impacting OHQ
concentrationa to be fully understood, the rank orders for methane and
nitrous oxide concentrations are similar suggesting that the sstarine
conditions influence both methane and nitrous oxide concentrations.
Thiz would ruggest reduced methane oxidation and denimification
processing of DIN poasibly occurring concurrently under low oxygen
conditions. The lowest methane and nitrous oxdde concentrations wers
amzociated with high river flow and zpring tide conditions (January
2018) and ascociated with 2 mized, highly caygenated estuary and
diluzed nutrienm. The higher methane and nitrows oxide concentrations
were recorded when sampling took place during a neap tide that coin-
cided with relatively low river flows, which had resulted in = highly
stratified estuary and low oxygen conditions near the bed.

The Clyde haz a high urban loading with UWW treatment plant
adding zignificant wolumes of wastewater discharging both directly into
the egtuary and ar 3.5 km and 13.3 km upatream of the sstuary’s upper
zaline extent, without prior nitrate or phosphate removal as the time of
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this survey (Eurgpean Commizion (Directorate Jeneral Environment),
2016). The highest methane and nirous oxide concentrations corre-
spond to the proximicy of the largest estuarine UWW discharge, ampli-
fed by itz addition to an area often stratified with a pronounced anoxic
Layrer.

The data from the upper Clyde a3 meazured by ICE monitoring buoy
alzo shown that in recent yearz (2016 to 2019) the May to July period
had higher zalinity intruzion and lower disvolved oxygen dara (Scortizh
Environment Protectinn Agency, 20201 Thiz appears linked to quatained
lowr river fiowa during thia period { U Centre for Ecology and Hydrology
| URCEH), 20201, which would act to increage the saline introzion and
reduce evtuary Huching, requlting in longer particle rezidence times. Thiz
together with the phymically restricted estuary morphology would
further limir the re-oxygenation of incoming saline water betwesn tidea.
While theoe low oxygen levels during prolonged low river flow events
would also be expected to result in higher OHO concentrationa, the low
river flow would result in an upward chift in salinity for all locationa,
effectively chifting the location of the estuarine water upotream
impacting the effective estuary area and would need to be accounted for.

Aspociation of near bed anoxia with weak tidal mixing and low river
flow can be oboerved in other esmaries. Plow and stratification data
acroag the Dart eatuary chowed that owo layer fow occura at neap dides
during low water flow {Thain et al | 2004). Methane and nitrous oxide
concentration data from the same estuary were collected across a range
of river flows. Methane concentrationz were an order of magnitede
higher when sampling occurred at low river flow (34% of the mean
fow), although all meagurements occurred during neap tidea (Pickard
et al, 2022); Table 51

While fully equivalent oxygen and nutrient data for the sstuaries are
not available the urban loading of the Dart iz one eighth of the Clpde
(Table 3). The best estimate of surface oxygen levels for the Dart
[Environment Agency, 2030) and the Clyde {Scottish Envirommemnt
Protection Agency, 2020) showa that the Clyde has an average surface

2022} Note ringed points refated (o the Colne, Farth and Clyde are not incladed in the regression lines.

oxygen level of 52%, and the Dart 97% (Table Al This ranking of both
oxygen levels and UWW loading iz aligned with the methane and niows
oxide data available. The extent and frequency of sratification and near
bed anoxia iz not known for the Dart.

Stratified estuaries experiencing low river flows in summer, when
oxygen levels may already be low are even more susceptible to high
methane concentrations. Higher methane concentrations were obaerved
in four estuaries meagured in July (Pickard =c al, 2022) the Clwyd,
Tamar, Dart and Comwy, which had river Hows betweean 21% and 409 of
the mean flow on the measurement dates (NEFA, 2010} although no
oxygen dat were available, Onrerall thic cuggests that boch tide and river
How inveract with urban loading wo influence methane concenoations in
particular, and that ourface oxygen levels may provide an initial indi-
cation of likely methane concentrationa.

52 Tudel renge impecting sediment axygen demand driving methane
producton

The Tyne (together with the Humber, Forth and Tamar) iz noted o
have Hood tide asymmetry, {Barnes and Upstll-Ooddand, 20111, which
forces marine zediments upstream, when river discharge iz clow,
regulting in a well-defined Bamary Turbidity Maximum (ETM). High
mugpended zediment: aspociated with low oxygen levels have been
meamured on the tidal rivers Teent and Ohaze (Mitchell =t 2l 19299 and
attributed to the high sediment oxygen demand (30D of the uspended
sediment particles. Organic material and metals (for example from in-
duatrial legacy waste) can adsorb onto the surface of sediment and lead
to increazed biochemical oxygen demand (BOD) (Mischell =cal | 1993
Gedimenits that are re-ruspendsd from anoxic or anaerobic layers in the
bed and moved to asrobic locationz by river flow or tidal fow can use
more oxygen than expected becauze they are newly expoced to asrobic
organizms and contain chemicals or metal jong in a reduced atace.

Acroas zix qurveys covering different fver Hows and tidal ranges in
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Table 4
Clyde Estmary GEHG concentrations associated with tidal, river, slinity and oxygen conditions.
River flow Percent of mean Tidal Wates Surfsee S Bed Surface / Bed Survey Survey
Tl i’ flow (3] PEOGE T peerutiine: Saliniry® Orygpen® sverage” Mgl mverage” [,
(m®s) [} Deg (FEL) (g1} (M) (M}
July-17 o6 47 153 183 ans150 B/l M 111#
How- 17 -4 ] 1ia 114 11 OGS 200 /6 5] 1460
Jan-18 13920 =7 249 B4 a1 soa 12712 14 445
Ape1R m7 45 385 11.8 20/60 B/G 30 1263
* {Seoltish Eoviconment Pratection Agrnry, HIB)L
» [(EEFA, 2010
& (IO
& (Pickard (122,

the Tyne egtuary, average methane concentrations thowed conziderable
temporal vadiability (U pstill-Ooddand and Barmen, 2016). Whilat similar
methane concentrations scour acroasn a range of river flows from 35% to
235% of the mean flow (MEFA, 2010), there iz a !u'u.ngmrd:lﬁ:un[Rz—'
G2%, P < 0.02) between methane concentrations and tidal range (uzing
data from the standard pact at Whithy at the mouth of the Tynel (BODC,
2020]), ses Fig. 7. The higher tidal ranges have the potential to increase
mixing and re-suzpencion of zediment, which could reduce oxygen
concentrations. However, when high river flow occur simultansoualy
with high tidal range, the exten: of the ddal intrimion will be reduced,
likaly cavsing reduced methane production within the sstuary area.
Other fully-mixed egtuaries also chow an increace in methane asso-
ciated with high tidal range, but the limited mumber of surey occazions
and comfounding bepwesn potential driving wariable: meana thar
methane iz aloo correlated with low river flow and high temperature,
both of which would reduce oxygen levels. These three possible cauzes

are too strongly correlated to enable firm conclugionz and afl may
contribute to elevated methane concentrations to some degres.

5.3. Estraring processes SUTEmory

The Chrde and Dart ectuaries provide examples of stratified systema
with weak tidal mixing, frequentdy experisncing near bed anoxia which
ic associated with high methane and nitrous oxide concentrationa,
particularly during neap tides and low river flowe. Converzely, the Tyne
estuary which iz typically fully-mived shows a strong correlation be-
rween methane concentrations and tidal range, which we conzider to be
linked to suspended cediments removing oxygen from the water column.
The Tyne han conciderable legacy polluton (Hall =t 2l 1996; Lewis,
1550} and hence high sediment oxygen demand may be amociared with
this condition. Theoe interpretationsz, while interesting, are bazed on
limited samples from what are highly variable sygtemo and are wnlikely
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Table 5
Tide and River Condition assocised with messarements oocisions - Dant
estdary,

River flow Percenmtof Tidal  Survey  Suvey
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Fig. 7. Tyne Estuary average relationships between methane concentration and
tidal range. Methane data from Upstill-Goddard and Barnes and tidal
data from BOOK

to fully characterize the GHO variability and associated mechanioms and
thould be treated with cantion. AddiSonally there iz insufficient data
overall to determine the impact of temperature on nirous oxide and
methane concenmations, which would be expected to be zignificant.
These relationchips once established may vary between environments
and further improve predictive poweer.

6. Conceptual model for methane and nitrous oxide within the

estuary environment

Whilat cpatial-temporal variability in estoarine ayotems iz high, ewi-
dence collazed here indicates the potential for robust conceptual un-
demtanding of 0HT production pathwaye in estuaries. Summarizing the
key processes that have been presented in UE estuary case smdiez, a
conceptual model for methane and nitrous oxide concentrations within
the eptuarine environmen: har been developed. This model aima to
capture, az far az poarible, the high variability between and within
estuarine environments, influenced by the carchment, estuarine shape
and dimensions, ddal regime and river flow, together with anthropo-
genic perturbationz. To illuatrate this model, four diagrammatic axam-
plez are provided relating to the oo extremes of egtuarine mixing: a sal:-
wedge ectuary with significan: stratification (Fig. 1) and a fully-mixed
ezmary (Fiz. ¥), both shown at high tide. The model also incorporates
a prediction of how 2 low mitrient estuary (panel A} iz influenced by the
Introduction of UWW (panel B) and how thiz change will interact with
estoarine processes to increase both the methane and nitrous oxide
emiszions. Anthropogenic susceptibilicy can vary in differant ssmaries
or due to different conditions within a particular estuany; for example,

Marae Polliidos Pullecls |74 (2022) 1 T3240

variation from opring to neap ddes, changes in river flow and changesin
temperature, can cause an ectuary to change it level of ctrasification,
oxygenation or the amount of uspended cediment. Additicnally, fload
or =bb tde dominance varies betwesn esmaries with zome gystemsz
becoming stratified only on the ebb and otherz only on the food tide.
Theae phyzical differences, which cccur over varying temporal scales,
will impact the interactions with UWW and can, in part, be infarred from
our zimplified model

A high level of legacy pollution assimilated into the estuary sedi-
ments could further remove oxygen from the lower laver if sediments are
digturbed, increasing anoxia and reducing methane oxidation
Conversely high river levels may more rapidiy replenizh oxygen to the
upper layer, reducing the impact of UWW. Az a resolt higher methane
concentrations would be expected to increace ac oxygen becomes
depleted towards high tide and reach a maximum a: the extent of the
saline intruzion. Methane concentrations would be expected o reduce
on the ebb tide 2z surface waters are replaced by oxygenated riverine
waters and nutrient are no longer wapped in the ssmary. The longin-
dinal profile of methane may peak where there iz lowest oxygen levels
while that of nitrous oxide may peal asoociated with mid salinity, DIN
concentration and low oxygen. The location of these peaks will al:o be
influenced by the river flow and associated with urban inflows which are
then diluted seawards on the ebb. Any artificial barrages or weirz (more
often found in stratified ectuaries az they can remove tidal energy) may
be aspociated with sediment or debriz deposition which may act az a
carbon zource and hence be relazed to higher OHG production. Periods
of drought will likely increase the sxtent of the saline intruzion and the
estuary fushing times, which would change the location of the
maximum GHOz and increaze nitrous oxide concentrationz. The lower
estuary turbulence and the typically reduced concenmation of OHOz at
the surface may act to reduce amiczions to azmoaphers, although when
mixing or overtuming of the bomom layer occwrn this could cavse a
dymamic releage.

Where there are high levels of legacy pollution, sediment re-
sugpenzion in the mrbidity maximum leads to high sedimentn oxygen
demand, reducing oxygen levels and increazing methane concentrations
and evarion significantly. Higher gidez would be expected o suopend
more sediment, further reducing ouaygen and increasing methane pro-
duction. Changes in river fows may serve only to move the location of
the methane and nitrous oxide production, which on high rivers flow
would cause an overall reduction JHO production in the sstuary area az
water iz puzhed seaward. In a mived estuary (with no stratification on
the ebb) methane and nitows oxide production are expectsd o be
similar on the food and ebb tide. Where siratificadion does occur on the
ebb the lower portion of the estuary sragnaves, deplsting oxygen and
thereby producing more methane when compared to the flood tide. If
sediment suzpension occurs ac low tide, this could canze a rapid drop in
oxygen and be amociated with increased nitrous oxide concentrations
due o high DIN concentrations and denitrification. The longitudinal
profiles of methane and nitrows oxide may exhibit peaks associared with
the low malinity marbidity maximum, areas where sediment iz routinely
depogited and UWW inflows. Nitrouzs oxide concentrations may be
higher in the mid zalinity range of the eamary diluting veawards. The
higher estuary nurbulence and continual mixing of OHOz to the surface
will act to increase emizsions to ammosphere.

7. Di and tona

There iz convincing evidence from UK ectuaries thar excesses of
nutrients from U'WW result in both higher methane and nitrousz oxide
concentrationz and these concentrations link directly to UWW loading
per unit river flow. This iz supporeed by estuaries with higher nrban land
cover having higher methane and nitrous oxide concentrations.
Purthermore, methane and nitrouz oxide concentrations are more
orongly correlated to nitrite and ammonivm than nitraze. Where ezm-
ariez experience very low oxygen conditions, higher concentrations of
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Fig. 8. Pane=l A: - Longitudinal and crmoss<ectional profiles of a highly statified silt-wedge estzary af high tide, with the higher salinity water fowing shore-wards
underneath the out-Aowing river water.

The wpper layer, from the river, would typically be oxygenated, it the lower Layer would become kwer I oxyzen with no means of replenishment, as the oxygen is
depleted with distance from the sen and time from low tide The degree of sttatification will change during the tidal cycle and with river and tidal conditions, b
when the estmary is highly siratified, this will reduce diffason of GHGs from the lower to upper laver trapping GHGs under the pyonocline. Methame generation in the
bed is generally associated with the low salinity area of the estuary, significantly redocing when the water becomes highly saline. Cxic methane may be generated in
the spper fresh water byer. Most methane (CHy ) oxidation wonkd ooour in the upper layer resulting in methane concentrations that are linked both i the water Byer
of generation and inversely related to the vertical oxygen profile. The specific relationship and location of the methane maximum s expecied 1o change with rver
Ao, tidal range and state of the tide, with surface methane concentration rediscing on the ebb as more rdver water becomes available. Some disobved inorganic
nitrogen (DIN} may enter the estuary from the river, with DIN loading changing with river flow. Nitroos axide (N20) concemtration wonld be relatively low peaking
at mid-sdinity, compared 1o the methane peaking st low salinity, both redecing seawards doe o dilotion with sea water.

Panel B « Longitmdinal and aoss-sectional profiles of a salt-wedge estuary at high tide inclnding the introduction of urban wastewster concentrated in the low
salinity wpper laver due to limited mixing.

Introdisction of WW will result in additional nutrients trapped in the wpper Lyer, cinsing oxygen depletion thereby inhibiting methans oaddation, resulting in
higher methane concentrations and additional methane evasion. Ammoninm derived from arban wastesater may significantly inoreass nitoos ocide production,
rear the sowre and in the mid salinity range. Most DIN will be mrapped in the more oxygensed epper layer making nitrification, driven by DIN concentration, the
main N.0 prodiscing mechanism in this bayer. N0 prodisction in the lower layer will be driven by denitrification, with the .0 concentration imoreasing with lower
uxygen levels further supparted in esaaries that have long flushing times allowing DI to mix or diffuse dowswards, Ceygen deplietion can cesull inoa switch from
nitrification 1o denitrification even in the surface layer.

both nitrous oxide, most likely generated wia denitrification, and (Mitchell &t 2l 1993), preventing oxidation of methane in the water
methane, in part due to reduced methane oxidation, can be detected. Az column. Thiz increace in methane concentration can be linked to tidal
enhanced nitrogan proceszing iz favourably associated with mid-zalinity range and aloo posaibly to urban or legacy waste
conditione (lmansstyo =t al 2014} and methane oxidation may be The conceptual model presented in thiz paper hypothesizer that
inhibited either directly or indirectly by higher ammonium concenma- higher concentrations of both methane and nitrouz oxide occurm due o
tiong, thiz makes the estuarine environment an unforfunare location for interactions between namural estuarine processes and anthropogenic
UWW dizpoaal with regpect to OHO emimions. Similarly nimogen factore. Low sstuarine oxygen levels appear to be significant in canzing
enrichmen: hazs been found amociated with increased methane and high methane concentrations within the estuary enviromment and
nitrouz oxide emissions from idal fate {Hamilton et 2l 20200 and probably linkad to increased methane production and reduced methane
higher methane emizionz are now being amociated with urban or oxidation in the surface sediments and water column. Estuarine pro-
anthropogenically mfluenced inland waters {Wang ec 21, 2021; Hao cepses can cauvse low oxygen levels where they prevent oxygen from
etal  D021). being brought to the estuary, for example during low river flows and at
Batwary physio-chemical properties strongly influence methane and high temperatures. Additionally oxygen may not be repleniched in the
nitrous oxide concentrations. Stratified estuaries can experience oignif- water column, for example when the estuary iz stratified or particle
icant ouygen depletion in the deeper more zaline layer, with any legacy regidence times increased. Sediment re-gurpenzion can result in BOD,
wacte and associated oxygen sediment demand potendially exacerbating when oxygen iz consumed by mineralization of the degradable organic
thiz effect Additionally, inputs of UWW into a stratified estuary can components in fine cediments. Oxygen can be further depleted by the
regult in further oxygen depletion in the upper layer due to nitrification interaction with anthropogenic factors; for example: the introduction of
of ammonivm. Swatified estuaries sxperiencing low river dow, partic- nutrientzs from UWW and where legacy pollution iz conmined in the
ularly in summer, when oxygen levels may already be low are even more sediment reculting in high 50D
suzceptible to the impacts of UWW, 2z lower river flown will increase Uze of thiz conceprual model enables ua to predict that come strati-
Hushing timea. Fully mixed estmuaries, characterised by a low salinity and fied ectuaries may experience elevated methans concentrations at high
high turbidity maximom, can produce high levels of GHOz. The re- tide, upatream at the low zalinity section of the esmary. It aloo suggecte
sucpenzion of sediments can encourage high sediment oxygen demand thar fully mived ectwaries with zignificant 30D would experience

11
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Fig. 9. Panel A: - Longitudinal and cros-sectional profiles of & fulbomized eszary, with safinity and oxygen kevels mixed vertically throsghount the water cobemn.
Estisaries with high tidal mixing typically experence tidal asymumetry and the transport of fne marine sediments indo the spper estuary resulting in a farbidicy
maximum at low salinity. These sediments are moved op the estzary on the Bood and down the egmary of the ebb tide and can trap organic matter af the e,
Methane (CH,} is mixed and oxidised throughost the water colemn resulting in litle methane evasion in the unpollated scenarin. Any disselved inocganic nitrogen
(DN will Blosly be comveried by the nitrfication roate doe to the mixing and kigher oxygen levels.

Panel B: - Loogitudinal and cross-sectional profiles of a fully-mixed estwary, incloding the introdaction of urban wastewater which i distributed throaghount the water

cidemn dhee o effective mixing,

Introdpction of arban wastewater (LTWW) which will be mixed throusghont the water colamn, will result in an interaction between the DIN and suspended sediments,
allowing for both procesdng of nitrogen in the bed and waler molomn, leading to kigher nitrons cxide (N200 production. Whers the UWW is safficient 1o deplete
exygen kevels throagh the water colomn dentification coubd oocur, This can further act o incresse methane if resubting in reduced oxygen levels and subssquent

methane axidaticn inhilétion.

elevated methane concentrations during sediment suspension events,
which are most often associated with high ddal range. However these
events can also occur at low ride and if sediments are re-zuspended in
challow water ower eatnarine mud, low oxygen and high GHO concen-
trations may regult. The rate of nitrous oxide generation from nitrifica-
tion iz variable, Jependent on the availability of elecoron acceprorn and
donors {Wrage et al., 2001}, the aalinity lewel (with optimum nitrifica-
tion in the mid salinity range) and temperature (with increazed pro-
duction typical at higher temperatures). Where oxygen concentrations
are low or variable, az iz often the case in ertarine environmenta,
denitrification may be triggered. Thiz can forther significantly increase
nitrous oxide concentrationa. Bamaries with high suspended sedimen:
concentrations may also support nitrogen proceszing in the water col-
umn az well az at the bed, ascociated with, for example, a turbidine
maximuom.

The conceptual model presented here summarisez the proceszes
evident in geveral UK egtuaries, but if relationchips can be generated for
different eztuaries and related to both namral processes and anthropo-
genic perturbations then it may theoretically be applied elsewhers. 4
study in Chesapeale Bay, the largest ezmoary in the United States which
iz eutrophic with near bed hypoxia, alzo found that methane wag agoo-
ciated with low oxygen conditiono. Interestingly in this study methane
built up under the thermocline and could be released by storm events
that induced mixing and overturning {J=lech =2 a2l 2018). While our
conceptual model conciders only tdal sratfication which lasts in the
order of howrn, this thermal atratification may laoe weeks and act wo
reduce methane diffusion to the surface. The only estuary in thic study
deep enough to form a thermocline in calm summer weather iz the Footh
ezmary (Black Culm Lul., 2013). Methane concentrations in the deeper,
higher salinity part of the Porth {Uperill-Ooddard 2md Bames, 2016)
were lower in summer, az such it iz possible the formation of a

thermocline may impact the surface methane cignature and methane
evagion estimates. GHOz evazsion linked to large river plumes may also
be dependent on offsthore mixing, with higher OHO concentrations
found in calm weather. Methane concentrations were meamired in nine
tidal eatuaries in NW Burope including weell-mixed, torbid ectuaries with
long particle residence timez (Elbe, Ema, Thames, Scheldt, Loire,
Gironde, and Zado) and salt-wedge sstuaries with chort particle resi-
dence times (Rhine and Douro) (Middelburg et al | 2002 While it iz not
clear how mearursments were made relative to the phaze of the tide or
river flow, it iz interesting that the sxatified Bhine experienced high and
highly variable methane concentrations az would be predicted by the
conceptual model dependent on river flow and tdal range and phaze.
Conversely in well mined estuaries methane was often highest at the low
salinity end conzizstent with the torbidity maximum being important in
methane production {Burgos et al | 2015)

While a zingle survey was available for the Thames (Middelbusg
et al | 20072) and some data for the Humber (see Table 1), these large
complex ectuaries with several contributing rivers and many UWW entry
pointz were not included in the analyniz and did not fit the model 2z well
2z the simpler estuaries. It in suggested that the large number of tribu-
waries, diztance between where ibutrier enter the estuary and the
large number of UWW treatmen: plants and the distance of theae plant
from the ectuary make the recults difficult to interpret. Por example the
outflow from 355 and 200 UWW meatment plants eventually enter the
Humber and Thames estuaries recpectively, come from over 200 km_ It ic
likely that where UWW enters a river far from the ectuary, that moot
nitrogen processing iz completed within the orpically well oxygenated
riverine section reducing its influence within the estuary. Additionally,
wide more exposed estuaries are likely to be mixed by wind helping
oxygenation and increaczing svazion, a process not explicit in this modal.
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B. Are estuariez a net carbon source or oink?

The flux of GHO:z benween ectuaries and the atmosphere has been
eztimated by those authors concidered herein Thiz flux iz dependent on
the dizzolved gas concentrations {under consideration in this paper] and
the gaz tranzfer velocity (k), which iz in turn dependant on in-water
turbulence and wind speed (Wanninkhof, 1992; Clark et 2l | 1995). In
eztoarien the estimation of the gas trancfer velocity associated with
turbulence iz complex, az murbulence ic the result of ddal welocity and
river fow interacting with friction from the bed bathymetry. Az such
sale-wedge ectuaries, with lower turbulence compared to mixed eam-
aries may have a lower value of k. Wind speed, found to have the major
1285), not only impacta diffucion ac the
interface but alzo wind induced wavez which increase miving. Estuaries
that are wide and align with the prevailing wind direction and in to-
pographies that increace wind exposure, are Likely to evade a higher
proportion of their GHGz to the ammosphere. Thuz, k-values from a
narrow, dredged, salt-wedge estuary may be less than from a fully-
mixed, wide anid exposed estuary, especially as OHOz in the lower
lagyrer will be lesa accessible. Howewver, when the stratification is over-
tumed or the stratified water becomen mixed, thiz may recult in dynamic
raleace of trapped OHOz to atmosphere. Thiz procesz would be difficul:
to observe requiring decailed temporal monitoring, and emimions may
be vnderestimated if only surface concentations have been measured.

In addition to the direct atmospheric emissiona, it iz aloe important to
undesstand whether sstuaries are an overall carbon cink or zource: The
term ‘Blue Carbon’ iz used to highlight the importance of the carbon
sequestration capacity of coastal vegetated ecoayotems {Santos et al
2:21). While there iz currently ingufficient data to understand the link
betwesn carbon sequestration and OHO concentrationz, it has been
hypothesized that discharges of high-nutrient but relatively low-carbon
water generated by wastewater treatment can enhance carbon uptabe
from the atmosphere by affecting biopeochemical cycles in these syatem
(Fuwas er al | Z016). While thin iz yet o be tested, this estimate focuzes
primarily on carbon dioxide and not nitrous oxide or methane In
contrast arable and (rublurban estuaries were found to export, on
average, 50% more dizzolved organic carbon to coastal areas than they
receive from rivers due to net anthropogenic derived organic matter
inputs within the esmary, with the bioavailability of thiz dissobmed
organic matcer promoting microbial production and degradasion (Oac-
ciz-martin et al | 2010). While beyond the scope of thiz paper, under-
standing where estuaries could act az carbon ginks and how this io
impacted by anthropogenic inputs (in terms of micro-biome commu-
nitiez and bicavailability of nutrientz) and activities (e.g. dredging)
would be a beneficial area of study. The highly variable estuarine en-
wironmenta are likely to respond differently to enabling carbon seques-
tration both in terms of anthropogenic influences and estuarine
procemmes.

impact on k {Clark et al

9, The impact of survey design and arean of uneertainty

‘Where astuarine sureys are designed o produce an estimate of GHO
concentrations it iz important to congider the best approach o caprure
spatio-temporal wariabilisy. Baced on dat reviewed here we recommend
the following approach for future sredies:

a) uee of fxed point ramecs with each point aligned to a particular
area within the estuary and measurements taken opotream to the
Limit of the maximum paline introzion

b} sufficient sampling undertalen to account for tidal range. ctage of
the tide, river flow and river flow history (for example periods of
drought)

c) cufficient sampling undertaken to account for temperature ranges
amid searonality, including the interaction of temperature and river
flow

Muring Polluton Fullens 174 (2022) 113240

d) measuraments to quantify the influence of any nutrient and pollotion
point sources within the estuary and to account for the different
mechanizma of OHO production, for examples linked to: stratifica-
tion, high turbidity and sediment oxygen demand, tidal flate, varia-
tion in zalinity, legacy pollution and Uww

meagurements of oxygen, mrbidity and nutrients in addition to GHJ
concentrationa

[} mearurements to guantify OHOz in both layers where stratification

ocours

el

Purther measurements degigned to guantify the specific impact of
oeratification, tide, temperature and river flow on GHGO concenmations
anid emizsions could help remove uncertainties in the conceprual modelz
and further the objective of thiz paper in helping to identify and reme-
diate egtuaries that hawve high OHO concentrations, globally.

It can be difficult to distinguich becwesn diffsrent anthropogenic
factore, becausze areas which were the centres of past induwstrial activinr
gtill have high urban populations. Population denzity has been found to
be czignificantdy related to enrichment of sedimentary metals (Bizch
e 2l 2015} As referred to previoudly, high levels of legacy pollution,
particularly metals, may play a role in OHO emizsionz. Impairments to
warer guality can reqult in the creation of toxicologically atressful en-
vironments that may affect the microbiome community structure
(Rodgers =v al | 2020). Thizs can have an impact on GHOz; for example
methanogens wee metals such as nickel within coenzymes (Lyu et 2l
20101 At least four of the estuaries congidered hare hawve high legacy
pollotion, particularly heavy metals, incloding the Clyde (Rodgers et al |
2020, Balls et ai., 1997), Porth {Lindoay et al, 1990}, Tees and Tyne
{Hall ez al | 1996; Lewiz, 19900 The Clyde and Tyne produce more
methane than might be expected compared to the Tees and Porth. While
thiz may be related to the Clyde and Tyme being physically restriceed,
narrow estuaries, it chould be noted that the Clyde and Tyne ssmaries
are regularly dredged, while the upper Forth estuary haz never been
dredged and the Tees iz only occazionally dredged (Marine Scodland,
20:21; The Crown Brmte, 2021). Dredging and straitening are likely to
reduce bed friction and hence mixing. Dredging can re-zuapend buried
sediments azsociated with legacy heavy-metal pallution making it maore
available and lesding to forther anthropogenic interactions. A further
uncertainty iz the impact of temperature, salinity and mutrient levels on
microbioms community stucture and hence the balance bepween
methane production and oxidadon.

BExpected changes in climate will also impact the ssmary environ-
ment (Fobins ec al | 2015). This may act to further increase estuary GHO
concentrations via a number of mechanizma. Increazing temperatires
will reduce oxygen concentrations and increase nitrogen procescing
rates. Rining zea lewvels may increase sediment re-guspencion and the
extent of the saline intruzsion, which could increase accenz to legacy
wagte. Changing rainfall patterns may increaze the prevalence of
drought conditions reculting in lower river flows and conzequenty
lowrer ouygen and higher nutrient concentrations and reduced estuany
fluching. Conwversely more extreme rainfall events may lead to dooding
which could result in HBooding of land affected by legacy waste and
nitwogen-rich agricultural land. All of these changee may act to further
increase the susceptibility of estuaries to anthropogenic infiuences
increasing OHO production.

10, Opportunites to redues eztuarine GHO emizsionz

Qiven that the estuary environment iz 2 potentially significant cource
of GHO emiszions, opportunities to manage and reduce emizsions should
be considered. Pundamental to the reduction of both nitrous oxide and
methane emismions from estuaries iz the lowering of DIN levelz and
removal of low oxygen conditions. Relating to the former, addition of
nitrogen and phosphate removal technologies to existing LWW treat-
ment syEtems cutputting to estoaries should be considered. While ez
toary oxygenation has been trialled in a entrophic estuary {{Larsen ez al |

Page | 254



Greenhouse gases from human-impacted rivers and estuaries

AN Frown & al

2019) and some reservoirn [ Oerling et al, 2014) itz impact on the biome
community and OHT production iz unknown. Thio rpe of technology
could be beneficial if powered by renewable technology. Our conceptual
model may be appliad to identify priority estuaries for thiz intervention.
Additionally an improved undersmnding of processes aosociated with
OHJ generation could, in the interim, support the adoption of changed
managemsnt practices, for example ensuring that outflows of UWW are
not timed with conditions which may exacerbare estuarine GHO pro-
duction. Applying our model to the Clyde estuary, we would expect the
estuary o be well oxygenated {and hence hawve lower surface methane
concentrationa} during high river flows and during ebb tides. Hence,
managing UWW outflow to avoid low oxygen condidons and timing
outflows on the ebb tide rather than the flood tide could help reduce
oxygen strezs and methane and nitrous oxide emissionz.

The annual nutrient loads to estuaries in the UK are comparatively
small compared to reported figures for Bwropean and Morth African
egtuarien (Medwell er al | 2002). Ag such, there may be even greater
potential for excess OHO emizsions, and reduction thereof, from estu-
aries at the global acale. With twenty two of the thirty bwo largest cities
in the world are located on estuaries (MOAA, 2020), anthropogenically
impacted estzaries may be hidden sowrces of OHO globally. The con-
ceptual model could be applied to other estuaries globally, by congid-
ering both namral processes amf anthropogenic  permorbations.
Purthermore with relatively littde extra data, for example nutrients and
oxygen (parameters thar are often routinely measured) and an under-
standing of estuary dynamics (tide and river How), thiz conceptual
model could underpin both effective modelling of estmary OHO pro-
duction and also prowvide a route for simpler monitoring of future

Improvements.
11, Conmderations for poliey makers

Batuaries are highly waluable az they are critical naniral habitats and
provide a wide range of ecommtem sarvices. However they experisnce a
wiile range of anthropogenic stremsors (Hennizh, 2005). Estuaries have
industrial waste, because of their proximity to that waste generation and
their parceived ability to flush thiz waste to the sea with i high dilution
capability. However evidence chows that estuaries (both inner and
outer] by their very nature: brackish water, low oxygen, stratification
and high sediments loads, can become zignificant OHJ sources, partic-
ularly when high levels of urban wacte enter the sstuary. Additonally
reaconal changen in river fow, tide and temperarure can further exac-
erbate thiz JHO gensration.

Az guch criteria linked to GHO generation (not just eutrophication
rizk} should be included in legiclation to further constrain waste water
dicposal. The mechanistic understanding of OHO generation in the
estuarine environment and the amociated conceptual model presented
in thiz paper can be applied to help in the identification of esmaries
which may act as significant OHJ zources and also ecmaries where in-
rerventions and reduction of anthropogenic influence could significantly
reduce these emimions. Purther research globally into estuary emviron-
mente ao 2 OHJ cource, together with research into mechanioma and the
effectiveness of mitigations iz atill required.
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