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Streams and springs have not only been buried below ground in culverts but in some cases
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contribute another source of clean baseflow to sewer networks, in addition to the widely
acknowledged and researched infiltratiamflow, which is the unintentional ingress of clean
groundwaters or soilwaters through pipe cracks and defective joints. Stream and spring
capture, as a type of point source inflow to combined sewer networks, hasived little

specific acknowledgement by the water industry in the UK. The considerable efforts to

tackle sewer infiltratiorinflow may be confounded by this type of inflow.

A literature review identifies examples from the grey literature and from thve peiblished
peer-reviewed papers on this issue. It demonstrates that stream and spring capture occurs
in many cities around the world, and arose primarily from the historical development of
combined sewer systems. Streams and springs were either divest@udrcepting sewers

or were themselves converted into sewers, which can make it difficult to identify capture,
quantify the flow, and evaluate the true costs. Drawing on comparisons to infiltration
inflow, the review identifies the types of consequenad#sstream and spring capture, and

demonstrateghat this issue is worthy of further attention by the water industry.

Evidence that can be used to identify stream and spring capture is reviewed and
demonstrated on a case study of Sheffield, UK. It is fotirat no single source of
information can always be relied on to indicate capture. Instead, a multiple lines of evidence
approach is proposed. This uses multiple dieaked information sources to reconstruct the
fA1Ste t20F0GA2ya 2%, intlidhd historical indhs and fopodrapltc & LI
flowpath modelling findingthat over half the stream length and over 100 springs are lost or
buried in the 89 krhsearch arealt then presents multiple methods that can be used to
indicate whether or not theset f 2 a (¢ ad4NBFIYa |yR aLNRARy3Ia KI
combined sewer system, and methods that can be used to confirm these indicalions.
confirmed that there are at least five sites where streams and springs flow into combined

sewers to the WwTW.

A nowel water typing method is developed that can be used to indicate stream and spring
capture sites. Results of a detailed sampling program of five capture sites in Sheffield are



presented, with sewer samples taken during the night time minimum flow and daayk

flow morning periods. The method uses major and minor ions to differentiate distinctive
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and wastewaters (reflecting local tapwaters) and measures the doeastr mixing

between these engpoints. Major and minor ion water types are shown to reflect sites of

known capture though this is limited to the sites of capture by interception where it was

possible to separately sample and type the captured water, wadtewand mixed water

end-points separately. In one case, a combined sewer was quantified using major ion water

typing as consisting of 680% captured watercourse flow during the daytinge a

considerable proportion

Finally, a Bayesian Belief Network (BBi)del is developed to separately predict where
both stream and spring capture and infiltratiamflow are likely to occur in a sewer
network. The BBN uses expert beliefs to predict the likelihood of stream and spring capture
and infiltratiorrinflow from various sewer characteristics, such as pipe material and age, and
LINEEAYAGE (2 NBO2NRS RThig thezefore builds dnNGEe leafl@r body R~ & LINJ
of work locating lost streams and springs to assess capture likelihood on a-kewewer
basis.One purpose of this is to enhance understanding about whether and where stream
and spring capture occurs, showing that in Sheffield it is expected to occur in several
locations and that it is much more highly localised than infiltradivifow. In the top 0% of
highest predicted likelihood values on a relative scale, infiltratilow affects 2.9% and
stream and spring capture affects just 0.2% of the combined sewers by length, and several
sewers predicted to have low likelihood of infiltratiamflow hawe high likelihood of stream

and spring capture; this may have implications for the way in which water companies
prioritise sewer condition surveys in futur@dhe second purpose of this ikerefore to
present a useful scoping tool that could be applieda@ater companies to use limited data

to probabilistically identify sites for further investigation by more resotintensive
techniques to confirm or eliminate stream and spring capture. The model is robustly
evaluated using several validation data sourcesggesting that it performs welln
particular, at 60 selected sewers the model consistently differentiated higher and lower
capture likelihoods where, on review of evidence on a-bitesite basis, a water company

would wish or would not wish (respeetly) to undertake further field tests to confirm or



rule out capture in sewers in that vicinity. Infiltrationflow was validated successfully
against CCTV survey data for over 12,000 sewers in the network, and the predicted
probabilities of infiltrationinflow being present are significantly higher at sites where

infiltration-inflow has been observed than at sites where it has not been observed.

The overall conclusion from this thesis is that stream and spring captoes occur in
combined sewer netwdss and that the water industry should now apply the methods and

tools across the UKnowledge derived from the case study of Sheffield can be applied to
other areas in the UK, and indeed elsewhere in the world, in combined sewer areas. It has
shown that,while not easy to confidently identify where this occurs, it does happen and

that the next stage should be to quantify the contribution to combined sewers in order to
S@ltdza G4S GKS 0O2aida FyR o0SySTAGAa 2F aSLI NI

system.
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Figure 1The Silent Highwayman: Death rows on the Thames, claiming the lives of victims

who have not paid to have the river cleaned up, during @reat Stinkby John Leech,

cartoon published in Punch Magazine, 10 July 1858...........cccooeeiiiiiiiie 4

Figure 2Lost rivers of London; the Fleet, Walbrook, Tyburn, Westbourne, Effraalcdn

Brook are all captured into interceptor sewers at points marked by red circles. The original
beds of these lost rivers are now combined sewers, only flowing to the River Thames as
combined sewer overflows. Some, like the Hackney Brook, River lee®asensbourne are

not captured and flowg albeit culverted in many placesto the River Thames. (Image:

http://www.turtleshellprod.com/mediauploads/sewers.gif)...........ccccoieiiiieiieinniniicnnnee. 6

Figure 3ldealised unit hydrograph of combined sewer flow and the effects of captured

streams and springs on baseflow and surface runoff response................cccccceeeenn. 17

Figure 4 (Overleaf) Schematic cresection and plafview diagrams illustrating typical
modes of entry of the three types of capture of streams and springs and infiltratfeow
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Figure 5Historic loss of Zurich's streams (water in blue) with increasing urbanisation (grey).
Many streams now flow in culverts, or are diverted into combined sewers. Since 1980, 20
km of streams have been daylighted, wiphans for many more (ERZ 2000, 2007). (Image
courtesy of Markus Antener, ERZ)..........oooiiiiiiiiieee e 36

Figure 6 (Overleaf) Schematics showing alpine streams and springs intercepted and
captured into Zurich's combined sewer system, circa 1980 (1); conventional sewer
separation of captured streams and springs and stormflow into separate pipes (2); and the
Stream Concept approach of separating captured streams and springs into daylighéed u

watercourses (3). After Novotny et al. (2010) and Conradin and Buchli (2005)......... 37

Figure 7 Daylighting urban streams for captured stream and spring separation from
combined sewers: the experiences of the Zurich Stream Concept. Left: daylighted
Albisrieder Dorfbach with naturalistic bed in a spacious suburban location, with ecological

and socialbenefits (image courtesy of Markus Antener, ERZ (2000)). Right: daylighted
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Nebelbach in dense Zurich centre, illustrating innovative methods of creating engineered
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Figure 8Detail from legend of OS 1:2500 County Series maps between 1843 and 1893,
illustrating some of the ways in which streams are shown (source: British History,

http://ww w.british-history.ac.uk/report.aspx?compid=40955)..............ccccceeeeiiivennnnnnn. 45

Figure 9Topographic flowpath training results showing the average distance (with error
bars showing standardleviations) between the modelled topographic flowpath stream
origins and training points, for seven flow accumulation thresholds as upstream contributing

areas. Chosen threshold of 4 ha (i.e. 400 cellS) in.red.........ccccceeiiiiiiiiiiiiiiieeeeeeee 56
Figure 10Modern stream Network and SPringS............eueeeeeiiiiiriinieeeeeeeeseeeeeeeaeeeaeeeeas 59

Figure 11Historical mapped stream network and springs, witbdern stream network and

5] 01110 U 59
Figure 1Z2Topographic flowpath lines, with modern stream network and springs........ 60

Figure 13All lines of evidence visually combined to show full stream network, including
both existing and lost streams, and colaxgded to reflect locations of low certainty
(conflicting or very sparse @ence) and high certainty (streams or culverts definitively

ShOWN 0N MOAEIMN MAPS).. .. iiiei i ittt 60

Figure 14Histogram showing distances of each stream segment marked on historical maps

to the nearest topographic flowpath line. The majority touch or intersect the nearest

topographic fIOWPALN INE.........ooeeeie e 61
Figure 15Overleaf) Capture indication methodology flowchart.................cccovvvvvnnnnnnnd 65
Figure 16Site map of springwater sample locations and geologys................cccueeeeee. 79

Figure 17Site map of tapwater sample locations and Water Supply Zones (WSZs)..80

Figure 18Sewer capture sample location map and pictures for site PW. A small watercourse
rises from a spring in a park, forms a pond (sample point X, inset photographs), then flows
into a sewer designated for surface water but whishactually a sewerised watercourse.

This is intercepted by a combined sewer, and samples are taken from the manhole at this

junction (inset photograph). A upstream combined sewer (possibly containing mains
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leakage flow). B¢ downstream combined sewerafter inflow of captured water). &

watercourse inflow (captured water, but possibly receiving sewer misconnections)..83

Figure 19Sewer capture sample locationam and pictures for site SR. Evidence shows
numerous lost springs in this area, with Springvale Road running along a valley centreline.
Historic maps show a lost watercourse further downstreana. Wpstream sewer, lamphole
(expected above most spring cap&). B¢ middle sewerg lamphole (expected after most
spring capture). G downstream sewer (expected location of former watercourse converted

to a sewer, iINSet PROLOGIaP)...........vvvviiiriiiei s 84

Figure 20Sewer capture sample location map and pictures for site HB. A lost watercourse
rises from historic springs flows in sewer designated for surface water but which is actually a
sewerised watercourse. It becomes a combined sewer, appears not to receive
wastewater inputs immediately. A watercourse sewer upstream of capture (inset

photograph). B; downstream sewer after Capture.........ccooeeeeiiiiieeeeeeeeeeeeeeeeeeee e, 85

Figure 21Sewer capture sample location map and pictures for site CV. A reservoir lies in a
valley that once contained an historic watercourse, route shown from old maps, which has
been conveted into a combined sewer. A watercourse or spring inflow still flows into the
reservoir. The reservoir outfall (inset photograph) flows to the combined sewec. A
upstream sewer, before capture. 8reservoir outfall, before capture. ¢ downstream

sewer, after capture. X Open reServoir Water..........cccoeeeeeeeiieeei e, 86

Figure 22Sewer capture sample location map and pictures for site BS. Despite some
possible lost streams in the ardhgere is no evidence of capture.dmain combined sewer,
larger wastewater catchment displaying elevated nighte minimum flow according to

flow data. Bg side combined sewer, smaller receiving catchment.................ccccoooe.. 87

Figure 23Daily rainfall data from Weston Park Weather Station (courtesy of Museums

Sheffield), with the sampling weeks marked inred................ooee i Q0

Figure 24Piper Diagram of the springwater characterisation, showing no clearly discernible
water type groups based on underlying geology. Even samples at the same site can be highly
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Figure 25Piper Diagram of the tapwater characterisation, showing two clusters of tapwater

types based on Water Supply Zone (WSZ)........cuuueiiiiiiiieiiiiiiieeeeee e 94

Figure 26Piper Diagram for site CV showing distinctive clustering of water types. The
upstream sewer sample points are a different water type to the samples from the reservoir
outfall. The water types of the danstream sewer lie on a mixing line between the two end
points, trending towards the wastewater efmbint during the daytime samples, and being

essentially the same as the captured water gaint during the nightime..................... 96

Figure 27Piper Diagram for site PW showing distinctive clustering of water types. Samples
lie on a mixing line between the open watercourse guuint and an enepoint of the
upstream sewer. The downstream sewer samples lie on this mixing line, trending towards

the watercourse enepoint at NIGNT..........oooiiiiiiii e 99

Figure 28Piper Diagram for site SR showing distinctive clustering of water types, most
clearly differentiated by anions, wth show the upstream sewer to be of different water
type to the middle and downstream sewers, though neither grouping appear to correspond
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Figure 29 Piper Diagram for site HB showing distinctive but very similar clustering
differentiating the captured water and the downstream sewer. Daytime sewer samples

trend towards a hypothesised wastewater epdint, away from the captured water type

Figure 30Piper Diagram for site BS, showing clustering between the two sample points and
a spread from nightime to daytime water types. No discernible rmg line is clearly
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Figure 31Quantification of proportions of captured flow in the downstream sewer (C) at
site CV. Simple mixing of epaint soluions was calculated at different ratios to quantify
the cation mixing line, plotted alongside, showing Hmearity of scale, in order to read off

the range of proportions where the downstream sewer sample cluster lies (circled)L02

Figure 32Quantification of proportions of captured flow in the downstream sewer (B) at

site PW. Simple mixing of equbint solutions was calculated at different ratios to quantify
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the cation mixing line, plotted alongside, showing dmearity of scale, in order to read off

the range of proportions where the downstream sewer sample cluster lies (circled)L02

Figure 33Boxplots showing COD (mg/L) concentrations for each site, by sample point and
time period. COD in sewers is significantly higher during the daytime samples than at the
nighttime minimum. Watercourse samples do not significamtiary day and night, as

expected. The exception is at site PW, where the COD at the watercourse inflow (C) is

elevated during the daytime evidence of contamination by misconnections............ 108

Figure 34BBN model structure showing the variables and their relationships (shown as

nodes and links between the nodes). Variable states are detailed furtietle 16.....122

Figure 35Sheffield combined sewer network colecoded by infiltrationinflow likelihood

index. The river and canal network are outlined in black for reference.................... 138

Figure 36Sheffield combined sewer network colecoded by Geti®rd Gi* zscore of
modelled infiltrationinflow likelihood index, showing hotspots of high infiltratiorilow

likelihood(red). The river and canal network are outlined in black for reference.......139

Figure 37Sheffield combined sewer network colecoded by stream and spring capture

likelihood index. The river and canal network are outlined in black for reference.....140

Figure 38Sheffield combined sewer network colecoded by Geti®©rd Gi* zswre of
modelled stream and spring capture likelihood index, showing hotspots of high capture

likelihood (red). The river and canal network are outlined in black for reference.....141

Figure 39%Correctly predicted stream and spring capture at one site, where a watercourse is
known to flow into a combined sewer. Combined sewers are colour coded by the Stream
and Spring Capture Likelihood Index, which also picks up ekwaipture likelihood along

the route of an historic stream shown on old maps (dashed red)...................cceeeeee 151

Figure 40Gosling, 1736. Useful baseline to chart urban developmiemt does not indicate

presence of streams and springs in the city area apart from the Porter, Sheaf and 8.

Figure 41Uncredited, 1736. Bower Spring appears to the north of the city, which disappears
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Figure 42C AND I Y1 =X MTTM® . I NJ S N&tidne wad &datedhas a fird- NJ S
fighting water resources. Presumably it was fed by spring or stream, though none are

marked. [t Was [ater fllled M. ... .o 201

Figure 43John Leather Land Surveyor, 1823. The stream below the dams in Crookes is
visible, and although it disappears, Watery Lane is clearly marked. Several springs are
marked, and two have likely stream paths delineated by curved field boundaries. The
stream onBrook Hill is clear at this point; it disappears towards Broad Lane, but its path is
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Figure 44Uncredited, 1832. Subtle gaps in theotks of urban development indicate the
presence of either paths or streams, and due to their proximity to Spring Field and Brook

Hill, streams are possible though not Clear.............ccccoiiiiiiee 203

Figure 45Lt. Robert Kearsley Dawson, 1832. The last Sheffield map before the more widely
available Town Plans and County Series. Streams and springs are not clearly marked aside
from the larger ones which still remain today. A place naméhenoutskirts takes its name
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Figure 46 The growth of Sheffield 183P954
(http://history.youle.info/images/sheffield _growth.gif The blue andred areas showing

rapid urban expansion during the mid to late nineteenth century indicate locations where
Victorian sewers may have first been laid at this time. These would likely have been
combined sewers, and importantly, the first areas to be buiit miral landscape, and
therefore would have required small streams, drains, springs, seeps and issues to be
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Figure 47 Top: "Dam House, Crookesmoor, Sheffield" by William Ibbitt 1858. Image
copyright, used with permission from Museums Sheffield. Below: view of Dam House today
at Old Great Dam, Crookemoor, with reservoirs behind this now built over (photo by
= LU 11 [0 o PRSPPI 207

Figure 48'Street flushing near Barkers Pool in thé"i&ntury", showing the use of stored
ALINAY3A 6FGSNI Fd . FNJ]SNRA t 22 f(lLeadet 1991). tmadge 2 LIS
copyright, used with permission from Sheffield City Council Local Studies Library..208
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Figure 49"Port Mahon Baptist Church (extreme left), Wey Street looking towards
LYGSNYylFGA2yIlf ¢gAad S5NAfEE /20 [GR YR aSlIR2g
remaining open sections of the watercourse through Crookes Valley in 1966, now a
combined sewer. Photo taken by H. Ainscough, 1966. Imag®yright, used with

permission from Sheffield City Council Local Studies Library and Mr D. J. Ainscoug@9

Figure 50Sheffield rainfall data for a part of theewer flow monitoring timeseries to
support the selection of a dry weather flow period (data courtesy of University of Sheffield
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Figure 51Sewer flow monitor locations (shown scaled as night time minimum flow as % of

diurnal flow range) compared with the locations of lost streams in the area............ 213
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1.1 Alost river captured into combined sewers

Far down from the thunder
And rush of the street,
Flow Westbourne and Tyebourne
And Effraand Fleet,
'‘Neath blue skies and grey skies
Once freely that ran
Lost rivers of London,
Forgotten of man.
The Lost RiversCicely Fox Smith, 1931

lY2y3 [2YyR2yQa Ylye t2ad NAOSNER ¢l a GKS
Hampstead Heath andugmented by baseflow from ancient wells and minor tributaries, it
flowed southwards to meet the River Thames at the modeay Blackfriars Bridge. The
story of how it has become buried and lost, from sight though not from memory, serves to

introduce the ontext and motivations for this thesis.

Over its history, the River Fleet has gone by many names. Its name is derived from the
AngloSaxonfleotan, referring to a place where boatnd bargescan float(Foord 1910.
Thisreflected its use as a tidal creek dock at the point whetrenet the Thames, and was
navigable by boats or barges throughout the Middle Ages. It has also been known as
Holebourne and River of Wells. In the case of the former, the name is imprinted on the area
now known as Holborq & © 2 dzNJ/ S é¢ 2 NJ & promNat streafrfFoofdAlga Inl &
the case of the latter, the name reflected the many wells dug into the alluvial gravels, such
a GKS /SNyl aQ 2SSttt 2y I (NAshtazd88NE 2F G KS

Much has been written of the River Fleet and its tributaries over time, providing clues as to
its gradual decline as a watercourse andrm@ual conversion into a seweBut while many

have charted its history and route under modestay London(Barton 1992 Bolton 2011

Myers 2012 Tallig 2013, few have considered what has actually happened to the waters.
CKAA f2a0 NAOGSNI Aa y20 2dzaledGerer@yidi SRY 0 dzi

\



Early accounts indicate its clean waters provided drinking segopduring the time of
William the ConquerofAshton 1889Lethaby 1902 The development of earlyewers since

the Roman times, including in London, focused on draining rainwater rather than foul water
(Butler and Davies 201Myers 2012. Human waste was disposed of in cesspits, which
leaked into the gravels beneath the city, contaminating wells, springs and watercourses
including the River Fle¢Barton 1992Butler and Davies 20).1Despite legal provisions that
designated the Fleet as a sewer for rainwater only, there is no doubt that like many
watercourses in rapidly urbanising areas all over the world, the river became polhyted

effluent from houses and industries of the expanding oirgr the centuriegBarton 1992.

In response to the pollution and increasing urbaitien, the Fleet wadridged in many
places, particularly in the lower reaches, and buildings started to turn their backs on the
watercourse(Howell 1657. By the 1700s, it was known as the El&&ch and famed for its
RFEy3dISNRdzate LRffdziSR adrdasS +ra Fy 2Ly aSgSNW
poemThe Dunciad Ih 1728

G¢2 oK Sdidh withidiSeSioguing streams

Rolls the large tribute of dead dogs to Thames

The king of diges! than whom no sluice of mud

gAO0K RSSLISN) aloftS ofz2Ga 0KS arft gSN) Ff22Rpé
The situation worsened by the f{O Sy G dzNEY & Xl Yzad 2FFSyairdsS |y
the Fleet Ditch passes by the back of the houses and [runs] under West Street where it
disagJSI NAXPE¢KS S@Aata FTNBY (KAA 2LISYy &aSsSN I NB
a0SyOK A a (Metsopbkan SVNcking fCI&sses' Association for Improving the Public
Health 1847.

All across London, the existing sanitation and drainage system was buckling under the
pressure of the growing population, with open sewers like tleefdischarging waste that
stagnated in the tidal River Thames. Two important events marked a new paradigm and
sealed the fate of the Fleet and rivers like it. One was the Broad Street cholera outbreak in
1854, where physician John Snow proved the lintaieen contaminated water and disease

for the first time. The second was the infamous Great Stink during the summer of 1858,
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where the smell of sewage in the River Thames was severe enough to suspend Parliament
(Figurel).

p L -
e

THE " SILENT HIGHWAY " -MAN,

“Your MONEY or your LIFE!™

Figurel The Silent Highwayman: Death rows on the Thames, claiming the lives of victims who have not paid to have the
river cleaned up, during the Great StmkJohn Leech, cartoon published in Punch Magazine, 10 July 1858.

The Fleet was also known to flood, such as around present day St Pancras. To tame its flows,
enable urban development, and sanitise it by masking away the sight and smells to reduce
waterborne disease, the river was extensively buried underground in culverts. The last
remaining open sections flowed through Hampstead until they too were swallowed up by

the suburban development in the 187@$alling 2011 TKS Cf SSG Qa Yl yeé | vy
GSNE aAYAfINIe& O20SNBR 20SNJ o6& dzaNbly RS@Sft 2
draining to the Fleet near Clerkenwell; it was buried beneath houses in Spring Place and
converted into a cesspit, remaining hidden and polluted until years later in 1826 it was

rediscovered when it remerged causing a footpath to collap@eshton 1889.

LY wmMypdpZ GKS aSGNRBLREAGEY . 2FNR 2F 22N} a
combined sewer system designed by Joseph Bazalgette, wioigld form theblueprint for
modern sewerage around the world’o alleviatethe stench from the tidal Thames and

tributaries stagnating with sewage, new interceptor sewers would divert wastewater and



rainwater eastwards along a shallow gradient to meet the Thames furdosynstream
beyond the city. Earlier proposals by Edwin Chadwick to construct a separate sewer system,
with separate pipes for wastewater and for rainwater, were rejected due to d@itler

and Davies 20)1A combined sewer systenmstead conveys wastewater and rainwater

together in a single pipe, and is still used in many cities across the world today.

The River Fleet and many other lost rivers of London includingAtestbourne, Tyburn,

Effra and Walbrook, were permanently written off as watercourses at this point, having

already become sewers in practice. Occupying ideal ground topographically, they were
formally piped and adopted as combined seweather than beimg restored by diverting all
graiaSelriSNB G2 yS¢ aS6SNI LALISad LYRSSR>E .11 ¢
sewers included not only rainwater from the contributing catchment area and estimates of
wastewater per head of population, but alsoettbaseflow from the Fleet and other lost

rivers(Myers 2012.

Today, the River Fleet is a combined sewer; its sgadgstreamwater is divertednio

Victorian highlevel, midlevel and lowf S@St Ay iSNOSLII2N 4S6SNE> 22
sewage to reach the wastewater treatment works (WwTW) some 14 km to the east. Its

original streambed is a bridlned sewer below the streets of Holborn, itkws only

reaching the Thames as a combined sewer overflow (Ts§) 2).

There is an enduring fascination with lost rivers. They are immortalised in fictiom@md

fiction, and reflected in the names and locations along their former routes. They are popular

with urban explorers who document and photograph their walks through culverts, drains

and sewers. There are walks and talks that inspire public fascinationt alshat lies

beneath their feet, and sometimes the lost rivers are seen when they flood after heavy
NFAYTFLFEEZ adzOK a gKSY [ 2y R2Yy QA& (TdliagR01LwA GSNJ 9 F
We know that in many cities around the world, rivers of similar sizes to the Fleet continue to

flow in culverts but not as part of the combined sewer system. The River Fleet was probably

GKS fINBSald 2F [2YR2y Q& 2340 oiNwie&NInat the LILINE E A
River Thameg¢Myers 2012, but its upper and middle reaches, as well as the entirety of

YIye 2F [2YyR2yQa 20KSNJ t2ad NAGSNRZI YlI& 0S

brooks. The conversion of the Fleet itself into a combined sewer may be exceptional
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considering its size, buwhat has become of the many small tributaries and springs that
contributed flow to the Fleet and other lost rivers like it? They too appear to have been
captured completely into the combined sewers, because there are no surface watercourses
visible in thecatchment areas, and there are no culverted watercourse outfalls visible to the
River Thames. In towns and cities around the world, have lost streams and sptimaygyh

not necessarily larger rivecsshared a similar fate to the lost River Fleet?
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Figure 2 Lost rivers of London; the Fleet, Walbrook, Tyburn, Westbourne, Effra and Falcon Brook are all captured into
interceptor sewers at points marked by red circles. The original beds of these lost rivers are now combinedsdyvers,
flowing to the River Thames as combined sewer overflows. Some, like the Hackney Brook, River Lea, and Ravensbourne are
not captured and flow ¢ albeit culverted in many placesq to the River Thames. (Image:
http://www.turtleshellprod.com/mediauploadssewers.giy.

1.2 Considerations of lost rivers and capture

This thesis is concerned with lost rivers, streams and springs that have, like the Fleet, been
not just buried into culverts, but converted, diverted or otherwise captured into combined
sewer systemsThis can be considered from a river restoration perspective or from a
sewerage management perspective. These separate viewpoints frame the issue with
different motives and legal drivers, which are now discussed further to set the context for

the aims andbijectives of this thesis.



1.2.1 Watercourses and river restoration

Lost rivers are a symptom of the urban stream syndrome by which urban watercourses
around the world have been polluted, modified anteglected (Walsh et al. 2005.
Urbanisation has led to widespread degradation in watercourses, with fields of research
developed around identifying the impacts on chemical and physical water quality, on the
ecological functioning of related aquatic and terrestrial habitats, on thedfiosk associated

with altered channel and urban catchment hydrology, as well as on the social impacts of
amenity, welbeing and public healtfe.g.Everard and Moggridge 20,1Rindlay and Taylor
2006 Paul and Meyer 20Q1Walsh et al. 2006Wenger et al. 2009 There is also
considerable interest in the ademic literature in support of science and policy of
managing urban watercourse®.g. Bernhardt and Palmer 200Bernhardt et al. 2005

Booth et al. 2004Palmer et al. 2007

Specifically, work isolatinghé impacts of culverts or burial of streams has shown that
culverts reduce both kthannel and riparian habitat connectivity, with impacts for water
quality, fish passage and flood rigk g. Balkham et al. 201,(Bernet 2010 Kaushal et al.
2008. There is a developing body of science and practice in the restoration of degraded
urban watercourses, including the daylightirfglso known as deculverting) of buried
watercourses(Broadhead ad Lerner 2013Wild et al. 201) There are examples around
the world of restoring buried sections @fatercourseq often short reaches at a time for
multiple environmental, social and economic benefiesg. Buchholz andYounos 2007
Nolan and Guthrie 1998Pinkham 2000 Sinclair 2012 Environmental benefits include
reversing the aforementioned impacts of culverts on the waterldqgand habitats. In the

UK and EU, daylighting is recognised as a mitigation measure for physically modified water
bodies under the Water Framework Directive (WFRIDP0/60/EQ, and has featured in
planning policies in the UK and North Amer{GAWEM 2007Environment Agency 1999
EPA Office of Wetlands Oceans and Watersheds ,26&deral Interagency Stream
Restoration Working Group 1998EPA 2006 Flood risk also forms a key motive behind
restoring buried urban stream®Vild et al. 201}

Such restoration is constrained by many factors. First, competing requirements for urban

space mean that other infrastructure occupying land over culverted watercourses can take
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priority. Second, the costs of such wake often substantial, though the coebenefit can

become favourable when all factors such as flood risk, costs of repairing or replacing ageing
culverts, or the lost opportunities for attractive waterfront regeneration are taken into
account (Pinkham 200p To move beyond daylighting buried watercourses being a
piecemeal and opportunistic undertaking, a long term planning strategy is needed that ties
into multiple stakeholder interests and idendé opportunities to daylight buried
watercourses along with redevelopme(@roadhead and Lerner 2013ne such strategy in

the UK, theLondon Rivers Action Pl@dayor of London 2009 proposed the daylighting of

GKS OAlGeQa OdzZ SNISR o GSNO2dzNAS& o6dzi RAR
and sprirmgs that have been captured into the combined sewer system.

The legal responsibilities for culverts in England and Wales remain with the landowner, who
sometimes may not even be aware of a watercourse flowing beneath their property
(Environment Agency 20)4In towns and cities, watercourses of all sizes may have been
culverted. Under tb Land Drainage Act (1991), the local authority or internal drainage
board have responsibilities and rights related to the management and draiofgmaller
éordinary watercoursé @ [ I NASNJ g G SND2dzNESa | NBE RSaAay
the responsibility of the Environment Agency in England, Natural Resources Wales or SEPA
(Scottish Environmental Protection Agency). Any works to newly culvert a watercourse or
daylight anexisting culvert require consent by the relevant authorities and assessment of
impacts under the WFD. In urban areas, complex land ownership and multiple authorities

and stakeholders can raise challenging ownership and liability igBuddiam 200

Despite some speculative suggestions over the years for restoring and daylighting the lost
River Fleet through LondorfMyers 2012, captured watercourses have rarely been
considered explicitly through the river restoration perspective. Indeed, if like the Fleet, the
watercourse is now a combined sewer through captuestoration is made all the more
complex. The captured watercourse may also no longer be considered a watercourse at all
under legal definitions in the UK; if it flows into a sewer it may have been designated as part

of the sewer system and so fallsumdle G KS &g G SNJ O2Y LI y@ Qa NBaLR
of view, stream and spring capture represents an additional degradation of urban
watercourses, over and above the many impacts of culverting. There is a key driver from

this perspective to restore lostatercourses, potentially including captured watercourses,
8



as natural functioning water bodies again, for environmental, social and economic benefits.

This raises a number of important questions from a river restoration perspective:

1 How many streams andoengs have been lost and captured into combined sewer
systems?

1 What are the resultant environmental impacts of lost streams and springs on
remaining natural watercourses?

1 What are the technical challenges associated with restoring watercourses that have
not only been culverted, but converted into sewers, and is it possible to find space in
urban areas to restore them as true natural watercourses?

1 Does the current legal and policy background enable lost and captured streams and

springs to be restored, angho should do this?

1.2.2 Sewer systems

From the viewpoint of a water company and the water industry, captured streams and
springs are primarily a question of design and operation of sewer systems. Sewer system
management has key drivers around sustainability €doonomics, water resources and
carbon emissions) and reducing impacts on the environment and on the galdicKelda
Group 201) The impacts of captured water can be considered with regard to two key

aspects of sewer systems.

One congleration is wet weather flow management. Combined sewers convey both
wastewater and rainwater in the same pipes to the WwTW. If watercourses have been
captured into combined sewers, then they may be contributing to elevated stormwater in
the pipes becausthe rainwater associated with those former river networks is flowing into
the sewers and not reaching downstream river networks. Capacity for stormwater in
combined sewers is a major focus area for the water industry. Insufficient capacity causes
sewers toflood, either into properties or in a controlled and consented way via combined
sewer overflow (CSO) spills to river networks, affecting water quality and the environment
(Brownbill et al. 1992Butler and Davies 201 Metcalf and Eddy Incet al. 2004. Urban
stormwater floodingq this is the flooding associated primarily with plailvwater being
unable to draireffectively away from the surface, and so not yet mixed with wastewater

combined sewerg; is also of interest due to its costly impacts. There have been recent
9



moves across the water industry towards separation of rainwater from combined sewers,
either by installation of separate surface water pipes or by-safiineeringsolutions such

as disconnection of downpipes and local infiltration bagkhsrley et al. 2008United States
Environmental Protection Agency 199t urban planning, use of green infrastructure and
sustainable drainage schemes (SuDS) can reduce or slow the runoff entering the combined
sewer system, reducing CSO spills, sewediloy and surface water flooding whilst bringing

a range of additional environmental or ecosystem services ben@it€OSAN 201Burian

et al. 1999 EPA Office of Wetlands Oceans and Watersheds ,ZDi@mes Water 2009
Thomas and Crawford 201IUKWIR 2009 WoodsBallard et al. 2007 Stormwater
management is an issue with numerous stakeholders relating to the water industry: water
companies, local planning authorities, flood risk managers, environmental regulators, and
the wider public. Where watercourses have been captured into combined sewemsys

they may be highly relevant to stormwater management because they stand to exacerbate
the problems associated with lack of combined sewer capacity. One current example is the
Counters Creek sewer in London, which appears to have been the rout®sif siream of

the same name and along which sewer flooding and poor surface water drainage has arisen
due to a lack of sewer capacity. Proposed management measures include a £32 million
stormwater relief sewer as well as localised retrofitting of SuDS, nawthere in the
literature is there explicit consideration of disconnecting the captured watercourse from the

sewer systenfThames Water 2009

The second consideration is that captured streams and springs contribute a constant clean
extraneous baseflow to combined sewer systems. In this mantiey are similar to
infiltration-inflow, which is an ongoing key concern to water compan(ielis 2001
Infiltration-inflow has been the focus of numerous studies that consider how to detect,
quantify, predict and manage fUKWIR 2012 Ddinitions of infiltrationrinflow do not
explicitly consider captured streams and springs; they focus instead on the intrusion of
groundwater through pipe cracks and defective joints, and direct inflows through
unintentional crossonnections or flooded watcourses, or inappropriate discharge of
clean coolant waters to combined sewdButler and Davies 201Metcalf and Eddy Inc. et

al. 2004. A reconsideration of the definitions of infiltratianflow is required to ensuréhat

captured streams and springs are included. Methods to rehabilitate sewers primarily focus
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on waterproofing the pip€dRead 200} this might fail to address elevated clean baseflow in

all cases where streams and springs have been captured.

Captured stremns and springs, like the lost River Fleet, may still flow in combined sewers
from the clean sprinded baseflow associated with the old watercourse. That clean
baseflow contributes a constant loading to the WwTW that must be managed, just as with
infiltration-inflow. This study provides the first explicit consideration of stream and spring
capture, and establishing the presence and impacts of the clean baseflow component will
provide a useful contribution to the water industry and state of knowledge on the
sustainable management of combined sewer systems. Given the existing research and
investment into managing infiltratioinflow in combined sewer networks around the world,
there is a strong case to consider whether captured streams and springs are wdrthy o

attention by water companies. There are key questions from this perspective:

1 How common is stream and spring capture?

1 How does stream and spring capture occur?

1 Where does stream and spring capture occur, and what methods are available to
identify it?

1 Is it distinctly different from infiltratioAnflow, and is it adequately considered by
the water industry at the moment?

1 How much water from captured streams and springs is flowing in combined sewers
and reaches WwTWs?

1 What are the costs and consequences of capture for the design and operation of
combined sewer networks?

1 What options are there to manage capture?

1.3 Thesis objectives

Before any management options such as stream restoration can be explored, stream and
spring capture must first of all be understood from the perspective of the water industry, as
a potential problem facing combined sewer networks. The overall aim of the thesis is to
demonstrate that streams and springs have been captured into combined sewemsys

and to develop methods to identify where it happens. Four main objectives have been set:
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1. To establish the existing state of knowledge on stream and spring captiieere
has not yet been a comprehensive review of the academic or applied literature
focusing explicitly on stream and spring capture as a distinct issue separate to
infiltration-inflow. Important research questions to answer are: what evidence is
there that stream and spring capture occurs, what are the costs and consequences
for the waterindustry, how can it be detected, and what experience has there been
of managing it?

2. To develop and apply a methodology to indicate where streams and springs have
been captured into the combined sewer systendentifying where streams and
springs have beeraptured is a vital first step before any meaningful questions
about the specific local costs or management opportunities can be explored.
Important research questions to consider are: what evidence is available to indicate
where capture occurs, how catis evidence be used and what uncertainties are
associated with it, and how many streams and springs have been captured in an
example case study catchment?

3. To develop and apply a new water typing technique to detect stream and spring
capture. There is a eed for a direct method to detect captured streams and springs
in a combined sewer and no methods yet have specifically focused on this issue.
Techniques available to detect infiltratianflow may present a number of
limitations when applied to stream angpring capture. The use of major and minor
ion water typing, well established in hydrogeology fields, has not been applied to
either infiltration-inflow or stream and spring capture. The primary research
guestion is whether or not major and minor ion watgping techniques are able to
detect capture.

4. To develop and apply a predictive Bayesian Belief Network (BBN) model to
compare the likelihood of stream and spring capture to infiltratianflow across a
combined sewer networklt would be of benefit tahe water industry to develop a
model that is able to predict the presence of stream and spring captutembined
sewers, and to enable comparison to infiltratiorflow. This builds on the work
developed throughout the thesis, integrating the lines efdence for scoping the

likelihood of capture across a combined sewer network to target sewers for further
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investigation. A BBN modelling approach is presented because of its strengths in
data poor applications, its ability to incorporate expert knowledtyectly, and is
explicit inclusion of uncertainty in model outputs. The BBN will be developed using a
real case study sewer network, enabling both sipecific and general research
guestions to be addressed: what is the predictive accuracy of the matial, is the

state of expert knowledge on predicting stream and spring capture and how does
this compare to infiltratioAnflow, and how does the relative likelihood of stream

and spring capture compare with infiltratieinflow?

1.4 Thesis structure and statement of author contributions

This thesis is structured around the research objectives. Each chapter builds on the
knowledge from the previous chapters, and they are presented with their own
introductions, literature reviews and interim conclusions. Ittie intention that the
separate chapters will be submitted for publication in academic journals, in either an

abridged or complete form.

Chapter 2 presents a thorough review of the academic and grey literature on the evidence
of stream and spring captureits consequences and costs, and opportunities for
management. The research was conducted by the author (Broadhead) under the academic
supervision of Horn and Lerner. The analysis of costs of stream and spring capture based on
a proxy of domestic wastewat charging was originally developed by Lerner, then

recalculated by the author. The chapter has been submitted and published as:

Broadhead, A.T., Horn, R. and Lerner, D.N. (2013) 'Captured streams and springs in
combined sewers: A review of the evidenamnsequences and opportunities'.

Water Research 47(13), 478266.

Chapter 3 then explores evidence and methods that can be used to identify where stream
and spring capture is likely to occur, using an approach of multiple lines of evidence. This is
appled to a case study of Sheffield, UK. This research was conducted by the author
(Broadhead) under the academic supervision of Horn and Lerner. An abridged form of this
chapter was published as a technical note in the Sewer Processes and Networks Conference

held in Sheffield in August 2013:
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Broadhead, A.T., Horn, R. and Lerner, D.N. (2013) 'A multiple lines of evidence
approach to indicate capture of lost urban streams and springs in combined sewers'.
7th International Conference on Sewer Processes and Nésy&@heffield, UK, 280

August 2013.

In Chapter 4, a method is developed to detect the presence of captured streams and springs
in combined sewers, using a chemisbhgsed watettyping method. The fieldwork sampling
program was designed and undertakenthg author (Broadhead). For logistical and health
and safety reasons, the author was supported to access and sample from the sewer
network by Yorkshire Water through the contractor Drains Aid. Laboratory analysis was
conducted by the author (Broadhead) witechnical support from Andrew Fairburn and
Steve Thornton (GPRG, University of Sheffield). The interpretation and analysis was
conducted by the author (Broadhead) under the academic supervision of Horn and Lerner.

This chapter is being prepared for sulssion.

Chapter 5 develops and applies a BBN model to the Sheffield case study to predict the
likelihood of stream and spring capture and infiltratioilow across a combined sewer
network. This model substantially builds on the BBN developed as partU &Vater
Industry Research (UKWIR) project predicting infiltraiidffow risk to combined sewers, to
which the author (Broadhead) contributgtd KWIR 2012 Ths BBN uses expert knowledge

to parameterise the model, and the contributions of experts from across academia and the
water industry are gratefully acknowledged. The author was responsible, under the
academic supervision of Horn and Lerner, for the desighimplementation of the expert
workshops, the development of the BBN model, the preparation and analysis of input data
for the model, and the analysis of the model results. Dr Vikas Kumar provided both general
advice on BBN development as well as condgctsome specific tasks. These involved
processing of expert questionnaire data usingampatible and critical probabilitsnethod

based in Matlab scripts devised by himself and published previou@yimar et al. 201)3¢

and processing of some of the model sensitivityalgsis in the latest version of Netica

software. This chapter is being prepared for submission.

Chapter 6 is the thesis conclusion, which synthesises the results of the technical chapters to

specifically answer the research questions of the thesis, censid wider policy questions
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raised about stream and spring capture, and make recommendations for further research.

This is the work of the author (Broadhead) with academic supervision from Horn and Lerner.
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2.1 Introduction

Steady intrusion of extraneous waters to combined sewer systems is an increasingly
important issue facing water infrastructure around the wof(kllis 2001 This intrusion is
commonly considered in the literature to be the unintentional ingress of clean groundwater
through pipe cracks and joints, where the sewer invert lies fully or partially below the water
table (UKWIR 201R This increases the dry weather basefl®ew,reducing pipe capacity for
stormwater flows and increasing the likelihood of surcharging and combined sewer
overflow (CSO) spills, as well as increasing pumping and treatment costs at wastewater
treatment works (WwTWs[Butler and Davies 201 Ellis 2001Metcalf and Eddy Inc. et al.
2004. It can also contribute sediment and debris to the system, giving rise to blockage
(ALCOSAN 201 Ellis 200). There is awareness in the water industry that groundwater
infiltration-inflow to combined sewers has serious implications for operational efficiency,
environmental quality (especially with increased sewepdiog risk) and sustainability
drivers (including energy costs and a UK water industry carbon reduction commitment), and
that there are techniques available to detect and tackldUKWIR 201R It particularly

affects ageing and degraded combined sewers.

Another source of intruding extraneous water is the deliberate capture of streams and
springsto combined sewer systems. This has a similar effect to gergraindwater
infiltration-inflow by increasing clean baseflowigure3), but represents a different mode

of entry with unique challenges in identifying and managindt iis also distinct from the
burial of streams conveying storm drainage in separate sewer networks; these do not get
captured to WwTWSs. The UK water industry recognises the principle that captured streams
and springs are contributing flow to combinedissr systems. However, there has not been

an explicit discussion of the issue in the published literature or any known attempts to
guantify ormanage it. Stream capture is also related to interests in the ecological status of
watercourses heavily modified ybculverting, under the European Water Framework
Directive 2000/60/EC)
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Figure3 Idealised unit hydrograph of combined sewer flow and the effects of captured streams and springs on baseflow

and surface runoff response.
A review for the UK water industry found many studies that have sought to map, quantify

and model (physically and empirically) infiltratiorflow to sewers(UKWIR2012), and
water companies are investing to reduce this source of clean baseflow with sewer
rehabilitation. It is therefore important that captured streams and springs are understood
and considered as a component of steady intrusion of extraneous watewmbined sewer
networks. The aim of thishapteris to present a review of the evidence and case studies on

captured streams and springs in combined sewers, to answer the following key questions

for the water industry:
1 What is the evidence that streanand springs have been captured into combined

sewer systems?
1 How does stream and spring capture occur, and why?
1 How can captured streams and springs be identified in combined sewers?

1 How much water do captured streams and springs contribute to combinedrs®

1 What are the consequences and costs of captured streams and springs?
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1 What are the management options available, and has this been attempted

elsewhere?

2.2 Method

A thorough search identified peeeviewed academic papers and grey literature detailing
any evidence or international case studies of captured streams and springs in combined
sewers. Absence of consistent terminology reflects the lack of explicit published discussion
of this issue, especially in the UKgblel summarises this and defines the key terms used in
this thesis Multiple search terms were therefore used for captured streams and springs,
and with so few relevant results obtained, the wider litera&uon infiltrationinflow was
reviewed to identify further references that explicitly refer to stream and spring capture

within their focus on groundwater infiltration through cracks and joints.

Research (some peeeviewed) on infiltratiorinflow acknowledjes the principles of stream

and spring water in combined sewers in general te(mg.Franz 2007/Uibrig et al. 2002
UKWIR 2012 but no peefreviewed papers have specifically considered this issue.
References to literature from the 1980were found that acknowledgeéhe capture of
streams and springsbut it was not possible to access the original tetass1985 and
Pfeiff 1989,in S & P Consult 20P8rey literature dominates the review. Case studies are
summarised iMmable2, with the most detailed examples from Pittsburgh, San Francisco and
Zurich. Very little information has been found on captured streams and springs in UK
combined sewers, although there are numerous publications on lost rivers in culverts

(Barton 1992Bolton2011, Talling 201}
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Tablel Overview of key terminology used. For clarity, all other related terms in known usage (published and unpublished)

are also listed.

Term Definition Other terms in literature or industry usage
Culverting Artificial encasement of a stream or | Stream burial. NB: culverted streams may act a
spring in a pipe or tunnel below the | storm sewers as part of the surface water
ground for part or all of its length. drainage in a separate sewer system, which is
distinct from the capture into combined sewers.
Extraneous Steady intrusion of all clean waters Extraneous clean wateinfiltration-inflow;
water (including groudwater infiltration- parasite flow;unaccounted for flow
inflow and stream and spring capture,
but not surface runoff) into combined
sewers.
Infiltration - Unintentional ingress of groundwater | Extraneous clean wateinfiltration-inflow;
inflow through pipe cracks and defective parasite flow;sewer leakage; steady groundwate

joints, contributing clean baseflow to
combined sewers.

intrusion; unaccounted for flowNB: some of
these terms implicitly include clearabeflow from
stream and spring capture.

Sewer inflows

Unrelated problem of nintentional
ingress of groundwater or rainfall
runoff to separate foul sewers, definec
here for clarity.

Extraneous clean wateillicit connections
infiltration-inflow; paraste water, unaccounted
for flow.

Stream and
spring capture

Deliberate direct connection of stream
and springs to combined sewers, with
unintended consequences increased

clean baseflow

Extraneous clean water; direct stream inflows;
infiltration-inflow; misconnected surface waters;
parasite flow; unaccounted for flow.
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Table2 Case studies reporting captured streams and springs in sewers. Evaluation of the evidence indicates whether they
contribute flow to WwTWSs; some literature refers to culverted watercourses acting as storm sewers. Only Pittsburgh, San

Francisco and Zurictase studies provide substantial detail.

Case study Isstream/spring capturel and does it flow to WwTW? Source

Summary of supporting evidence
Pittsburgh, Yesc Report from water authority details connected strean] (ALCOSAN 20, 1Rinkham
USA to combined sewers, with estimated baseflows for each. | 2001, Schombert 2006

Separation planned, some completed.

Troianos et al. 20Q8JS
Army Corps of Engineers
2009.

San Francisco

Yesc Report from water authority details connected strean

(City and County of San

USA (Islais to combined sewergrully mapped, with indication that mos| Francisco 201Griffith 2006
Creek and are perennially springed, and some ephemeral. Separatior] Jencks and Leonardson 200
others) planned. Smith 2007aSmith 2007
Seattle, USA | Yesq Stated connection to combined sewers, but undetaile| (City and County of San
(Ravenna Separation planned. Francisco 201,Bmith

Creek and 20073.

others)

Portland, USA

Yesc Stated connection to combined sewers, but undetailg
Separation planned.

(City and County of San
Francisco 201,Bmith
20073.

Detroit, USA | Unlikely (just culverted); Article suggests daylighting could (Bienkowski 201).
(Bloody Run | separate large volumes from sewsystem, but likely refers
Creek) to the diversionof storm runoffrather than captured flow
Culverted stream is storm sewer, but not flowing to
combined sewers or WwTW.
Cincinnati, Unlikely (just culverted); Report details conversion of Lick | (Metropolitan Sewer District
USA (Lick Run to sewer, but now is a storm sewer and not flowing | of Greater Cincinnati 20)2
Run) directly to combined sewers or WwTWSs. Some captured
stream flow a possible component in combireslvers, but
not detailed.
Philadelphia, | Possibleg Stated stream conversion to sewers, but lear (Levine 2008
USA whether still flowing to WwTWs. Culverted streams could |
separate storm drains or diverted to interceptor sewers.
New York, Possibleg Reports, maps and photographic evidence of (Duncan 201122012
USA stream conversion to sewers, but unclear whether still Duncan and Barry 2010
flowing to WwTWs. Culverted streams could be separate | Duncanand Head 2010
storm drains or diverted to interceptor sewers.
Toronto, Yesg Reports, maps and photographic evidence of stream| (Cook 2011
Canada conversion to combined sewers. Suggested that some
(Garrison culverted streams partly used for separate stormwater
Creek and drainage and CSO spills, but baseflow intercepted to WwT
others)
Prague, Czecl] Yesc Stated connectin of streams to combined sewers, bu[ (( F NBO S)Yi | f &
Republic undetailed.
Zurich, Yesg Report and maps from water authority details (Antener 2012City and
Switzerland | connection and conversion of streams and springs to County of San Francisco
combined sewers. Discusses impact on WwTW. Major 2010 Conradin and Buchli
separation project completed by daylighting streams. 2005 ERZ 200@007,
Herrmann 1990Muhlethaler
2011, Pinkham 2000Smith
20073.
Bamberg, Yesc Stated conversion and connection of streams to (Unknown 2009%.
Germany combinad sewers, but undetailed. Discusses impact on

WwTW. Separation planned.
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Emscher Unusualg Widely considered a capturediatercourse (Londong and Becker 1994
River, Historicallyused as an open combined sewage canal for | Schulz 2012Teichgraber and
Germany industrial and domestic wastewaterstine region, because | Hermanns 1996

unstable ground precludedonventional sewenetwork.

Flows treatedat a WwTW prior to confluence with the Rhin

Full separation underway with new deep combined sewer

beneath river receiving all wastewaters; river undergoing

renaturalisation.
Brussels, Unusualg Widely considered a captured river, but included (Anon. 1999Aquaris 2014
Belgium here for clarification. Gnveited from historical stream to Garnier et al. 2013.¢ et al.
(Senne) open sewer then covered and rerouted as trunk combined| 2014 Solvel 201%

sewer, receiving all Brussels wastewaters without treatmer
until 2007. Since the, new WwTWSs and interceptor
combined sewerseparate most sewagbefore entering the
river.

Paris, France

Yes¢ Statedconversion of Bievre from historical stream to

(APUR 2001Gandy 1999

(Biévre) open sewer then covereds runk combined sewer. Channe| IAURIF 2003&impson 2006
to the Seine is now a CSgaseflow continueso left bank
collectorsewerto WwTW. Some opedeansections remain
upstream No details on impacts ohé capture on
wastewater system. Soasectionsof city have been
daylightedc unclear how this has been separated from
wastewater.
BeverleyUK | Yesc Reactivatedspringfed a stream observed to drain with (Ewen 2012
(Pasture stormwater to combined sewer causing flooding.
Terrace)
London,UK Possibleg Stated conversion of many streams to combined (Barton 1992Bolton 2011
(River Fleet | sewers Somecaptured into the interceptors sewers along | Metcalf and Eddy 1914

and others)

their route, with only storm overflows reaching the River
Thamege.g.River FleetRiver Walbrook Some detalil
suggests connection of smaller streams and springs to
combined sewers, intercepted to WwTWSs.

Myers 2012Talling 201}

Tokyo, Japan
(Kitazawa
Stream)

Unlikely ¢ Report details conversion of streams to combing
sewers, but now is a storm sewer and not flowing directly {
245¢2a8d 5FefAIKIGAYI aSLI NI G
stream water pumped from elsewhere and cutesl stream

remaining buried.

(Hooimeijer and Vrijthoff
2008 Novotny et al. 201

2.3 How and why stream and spring capture occurs

From the reviewed case studies, three modes of entryagitured streams and springs to

combined sewers were identified. These are illustratedrigure4Error! Reference source

not found., and for comparison are showmth infiltration-inflow. First these three types of

stream and spring capture are defined, and then the causes are discussed.

2.3.1 Types of stream and spring capture

The first mode of entry (type A) is the conversion of streams and springs to combined

sewers. Urban streams were frequently culverted and buried, especially during the period of
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rapid urban expansion in the &entury, and some were used directly as doned sewers
(e.g.Barton 1992 Conradin and Buchli 208 ¢ KS f AGSNJ GdzNBE A& Of St
frequently the covered dhy y St a  2Metcalf i Eddsi £9147)5For example, many

2F [ 2y R2Y Qa-fedsréamd niaNhave baed périhanently lost from the laagsc

in this way(Barton 1992 Bolton 2011 Metcalf and Eddy 1914ralling 201). In some North
American cities, watercourses lend their names to the combined sewers running along their
course that replaced them, such as the Garrison Creek Sewer, Toronto, or the Minetta
Brook Sewer, New YofKity and County of San Francisco 2026ok 2011Duncan 2011a

2012 Duncan and Barry 201Duncan and Head 201Griffith 2006 Levine 2008 It can be
assumed thatunless it is diverted elsewhere, the clean baseflow of these captured streams
and springs is flowing in the combined sewers to WwTWse EmscherGermanyand

Zenne Belgiumare sometimesconsidered to be examples oépture byconversion but are

dzy dzd dzZ f YR NBIjdzZANSE Of F NAFAOIGA2Yy® bSAGKSNI
by combined sewers; instead, both are openly adopted as combined seweanas,
receiving local wastewaterd-or decades,he Emscherthen passeddirectly through a
WwTWhbefore continuing downstrearbut wastewaters are now being diverted into a new
combined sewer and the river is to be renaturalig&thulz 2012 The Zenne until 2007
received no treatment at all; new WwTWSs and interceptor sewers divert wastewater away

from the river, though it continues to suffer from CSO sfliléset al. 2014

Figure4 (Overleaf) Schematic crosection and plasrview diagrams illustrating typical modes of entry of the three types of
capture of streams and springs and infiltratioilow to combined sewers.
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The second mode of entry (type B) is capture by interception. Following the Great Stink in
London in 1858, where the rivers serving as open sewers frequently failed to fully discharge
waste to the River Thames high tides, Joseph Bazalgette designed a series of interceptor
sewers to collect and divert sewage to the Thames Estuary, forming the basis for future
combined sewerage development in much of the modern w¢Bldrian et al. 1999Metcalf

and Eddy 191¢ The evidence from London and other UK cities indicates that many
culverted watercourses, polluted by sewage, were diverted into interceptor sewers and
their remaining routes aoverted into combined sewers (rather than being converted into
combined sewers at the source), and now flow to WwTIABUR 2001Barton 1992
Duncan 2011pIAURIF 20Q3Vietcalf and Eddy 191Myers 2012. In Zurich, some alpine
streams are intercepted in the urban area and no longer reach the mean or lake
(Antener 2012Conradin and Buchli 200ERZ 200®007, Herrmann 199 Interception of
culverted streams andpsings is also explicitly described in many North American cities,
where interceptor sewers to WwTWs were installed, often in th& 2@ntury (ALCOSAN
2012 City and County of San Francisco 2@0ffith 2006 Smith 2007aSmith 2007

The final mode of entry (type C) is the direct capture and drainage of springs and seeps into
combined sewers, andunlike groundwater infiltratiofnflow through pipe cracks and
joints, is intentional. Historic sewer engineering literature states that early sewer pipes were
deliberately leakyThe Manufacturer and Builder 188t provide land drainage of springs

and seeps or to manadgegh groundwater levels, such as in ManchegRead 2004 Other

case studies identify spring drainage into combined sewers such as in Loiotadin and
Buchli 200% and London(Metcalf and Eddy 1934 but few providedetails of the exact
mechanisms. The wider literature acknowledges spring drainage in principle, sometimes as
a component of infiltratioAnflow (Franz 2007Metcalf and Eddy Inc. et al. 200dibrig et

al. 2003, but this is a direct, intentional connection, specifically not through degraded

pipes, that contributes a clean baseflow wate combined sewers.

b2dG Fff &a0NBFYa FyR aLINAy3Ia |NB Fdzf £ & OF LI«

diverted into the higHevel, midlevel and lowevel interceptor sewers to the WwTW, such

as the Walbrook, Fleet, Tyburn and Westbourne, dill discharge to the River Thames

during heavy storm events, where the original courses of the rivers serve as(l@¢p€ds

2012. Half of Londg Q& ¢ | i S NI 2 dzNE& S Maybrdi ongod 2000andizividles NI S R
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YIye I NB | LILI NBufhias the MogefledBRokhtles aket nbt all captured into
combined sewers, instead providing storm drainage that can nevertheless be polluted. It is
therefore likely that many towns ral cities have retained partial separation of some
watercourses from the combined sewer system, or have disconnected wastewater from
culverted watercourses when sewer systems were installed. This is the situation, despite a

lack of clarity in the grey litature, in Cincinnat{Metropolitan Sewer District of Greater

Cincinnati 201p Detroit (Bienkowski 201 &2YS 2F bS¢  @PuwdaRa f 2ai
20119 and Tokyo(Hooimeijer and Vrijthoff 2008Novotny et al. 201)) where sewerised
watercourses do not flow to WwTWSs, but remain heavily culverted and often polluted by

hidden sewer misconnections, diffuse urban pollution, or spills from CSOs to relieve nearby

combined sewes during storm events.

Some reviews, such as in Pittsbur@kLCOSAN 201Pinkham 200}, suggest that less
pervious, urbarged catchments have caused springs, seeps and culverted watercourses to
be deprived of recharge water and consequently dry up. This may result in a lower volume
of captured stream or spring flow reaching WwTWs. However, some studies have
demonstrated thaturban recharge can still be higherner 1990 so it is likely that buried
streams and springs continue to contribute flow to combined sewers. In New York City,
localised spring discharges to basements ouore in the densely urbanised catchments of
culverted and sewerised watercourses, and are pumped and drained into the combined

sewers(Duncan and Barry 20).0

2.3.2 Reasons for stream and spring capture

Many natural urban atercourses had become open sewers by the period of rapid urban
expansion in the 19 century, as they increasingly struggled to fulfil their historic use of
diluting and flushing away discarded wagBarton 1992 Read 2003 Urban streams that

had become open sewers were frequently culverted and buried to provide more sanitary
conditions, and this conceps a popular narrativéCook 2011Duncan 2012Duncan and
Head 2010 Platform 2012, predominantly explaining the conversion of many smaller

watercourses to combined sewers (type A).

The reason for deliberate capture of streams and springs was not just to sanitise
watercourses that had become open sewers. Cuingr streams, infilling valleys and
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draining springs and seeps also helped to maximise development space in urban areas, an
issue explicitly described in the Pittsburgh case si{#dyCOSAN 201Rinkham 20002001,
Schombert 200pand in research in cities around the worlduncan 2011pDuncan and

Head 201D This engineering practicality is a reason for the conversion and interception of
some urban watercourses into the combined sewers. The literature also indicates that
culverting streams originally helped to manage surface water flooding, for example in Zurich
(Conradin and Buchli 20pand New YorKDuncan 2012 More recently, however, under
capacity culverts in poor structural condition have themselves become a causdani

flood risk(Wild et al. 201).

Early sewer design literature also explains the importance of stream baseflow and
stormwater to flush the sewage to maintain seléansing pipegMetcalf and Eddy 1924
This could indicate that stream and spring capture was a normal, widespread and even

useful practice.

2.4 I|dentification

In one case study, in Beverley, UK, an histspring reactivated following a particularly wet
season in 2010, and was seen to mix with surface runoff across fields to a combined sewer
drain (Ewen 2012 No other published examples have been found where stream or spring
capture has been easily visible on the surface; in most cases it is hidden beneath the urban

surface and requires other methods to identify it.

No case studies describe a complete methiody to identify captured streams and springs

in combined sewers. Drawing on the available information, there are two key requirements.
First is the identification of lost watercourses from the urban landscape that may have been
culverted into the combinedsewers (an indication that streams or springs could be
captured). Sometimes this is known from living memory of culvert and sewer development,
such as in LondofBarton 1992 Metcalf and Eddy 1924or in Toronto, where photographs
show the conversion of the Garrisone€k into a combined sewg€Cook 2011 This is a rare

but valuable source of information, though cannot be relied on due to subsequent changes
in the sewer system. Further case studies in Detroit, Cincinnati and Tokyo suggest that many
claimed captured streams are simply culverted and not directly connectedtabined

sewers (Bienkowski 2011Hooimeijer and Vrijthoff 2008Metropolitan Sewer District of
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Greater Cincinnati 2012Novotny et al. 2010 Connections of lost ban streams and
springs to the combined sewer system cannot therefore be assumed, so the second
requirement is verification that stream or spring flow is indeed present in the indicated

sewers and flows to WwTWSs.

Identifying lost watercourses and sewer tes first hand is possible through urban
exploration(e.g.Cook 2011Duncan 2014, b), but this is only available in accessible, larger
sewers. Urban exploration is often undertaken without full safety equipment or permissions
from relevant autlorities (Myers 2012, and so there are ethical concerns for researchers
and the water industry over the use of information derived from it. Asatre and springs
are often captured at source, secondary information is needed to identify whether they
flow to combined sewers. San Francisco has detailed sewer network maps that, combined
with historical mapping from 1850, show larger perennial and smableasonal
watercourses replaced by combined sew@Zgy and County of San Francisco 201® New
York, historic sewer network maps show former streams and springs that once covered the
OArleQa (Vieleyl1BeH®I'LIED I Yy SELX 2NBNB O2y FANY GKFG (K
NRE21 LINRolofte Ft2¢g 02 (GKS A shledirect spring OAl A
drainage seen from a pipe beneath Spring Sti@incan 2012Duncan and Barry 20),0
but other culverted streams may be functioning as separate storm sewers and discharge to
the Hudson RivefDuncan 2011g Historical maps and clues from street and place names
have also been extensively used to locate lost streams, springs and wells in L(Badm
1992 Bolton 2011 Myers 2012 Talling 201} Relevant information on lost urban
watercourses helps to establish the padevelopment hydrolog, but the usefulness of
historic maps depends strongly on spatial and temporal coverage, with many older towns
and cities having altered the hydrological landscape before the first available maps. The
smallest streams and springs may also not be markechaps at certain scales, particularly

intermittent and ephemeral channe(®leyer and Wallace 2000

In Pittsburgh, PinkhartR001) states that the water authority was able to confirm 11 of 20
possible sites where streams flowed directly into combined sewers, but that these were
identified by a local engineefALCOSAN 2012They then desloped a sequential
methodology to identify lost streams using modern maps, records of culverted

watercourses and drains (very limited), topographic stream flowpath modelling and historic
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maps. Topographic modelling to locate historic watercourse routeanisestablished
technique, used for example in New York to map lost catchments from LIDAR data (detailed
digital elevation models) of the modern urban surfg@uncan and Barry 20)10In other
studies, topographic sta@m flowpaths have been used to quantify watercourse
fragmentation caused by culverts and urban development, differentiating between lost
streams with perennial (yeaound springfed baseflow), intermittent (seasonapringfed
baseflow) and ephemeral (stmwater runoff only) regimegBrooks and Colburn 201Roy

et al. 2009, and predicting their likely water chemist(@Ison and Hawkins 20L2EImore

and KaushaR008) used aerial photography to verify modelled topographic flowpaths in the
Batimore area and develop a predictive model of buried headwater streams based on land
use classifications. Though this was a separate rather than combined sewer network, they
found that up to 70% of headwater streams in small urban catchments were culvasted

separate storm sewers.

For the Pittsburgh case study, capture to combined sewers was deternbgetbcal
engineersfrom known stream inflow sites and either implied, where mapped sewers
followed the course of the former watercourse, or assumed, if nowkn culverted stream
route could be foundPinkham 2001 In one case, a perennial stream rising from springs in
an openpark became culverted and within a short distance intercepted by a combined
sewer, so stream capture could be confidently identifiedthe field (ALCOSAN 2012
Pinkham 2001US Army Corps of Engineers 2D0Bhere is, however, a reliance on local
knowledge of lost stream capture to sewers in Pittsburgh; no other case studies had this
level of local knowledge. Furthermore, the study did not consider buried springs that may
be drained directly into the cohbined sewer system beneath the urban surface, the location

of which reflect hydrogeological rather than purely topographical characteristics.

Neither Pittsburgh nor any other case studies detailed in their methodology the verification
of suspected streanand spring flows in the combined sewer, beyond an assumption of
connectivity. Equally viable for verifying captured stream and spring flow in combined
sewers are the techniques used to detect infiltratioflow through pipe cracks and joints,
reviewed exénsively in other paper@JKWIR 201R Indirect methods include the detection
of infiltration (thus potentially stream or spring baseflow) by sewer flow hydnolgra

analysis, or directly by analysing sewer water chemical signatures to detect a groundwater
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fed source component in the sewage that would indicate streanspymgfed baseflow,

using indicators such as chemical oxygen demand (COD) or stable isotopes.

Given the minimal published experience in identifying captured streams and springs, this
appears to be a key challenge to address by further research. Identification is likely to
require multiple lines of evidence, as aside from opportunities arising fomal knowledge,

no single source of information is likely to identify all modes of entry of captured streams

and springs.

2.5 Quantification

Few case studies quantify the volume of clean groundwater fed baseflow in combined
sewers and WwTWs from captured stmeg and springs. Some, such as Cincinnati, Portland
and Detroit focus primarily on the stormwater volumes entering combined sewers that
could instead be rerouted to the former watercourg@enkowski 201,1City and County of

San Francisco 201Metropolitan Sewer District of Greater Cincinnati 2)1@nd do not

provide an estimate of the captured baseflow contribution reaching WwTWSs. Because
stream and spng capture to combined sewers will be highly localised within a sewer
catchment, of interest is both the proportion of stream or spring flow in specific sewers to

identify capacity issues as well as the total contribution of clean water to the WwTW.

In New York, an estimate of the historic Minetta Brook flow in the combined sewer system
assumes that the groundwater fed baseflow is the same now as it was idepatopment
conditions, based on historic documenfSuncan ad Barry 201D Not only would such
historic records be a rare resource, but urbanisation could have altered the urban

hydrology, as discussed previously.

In locations where streams are intercepted by combined sewers (type B), it is possible to
measurethe clean baseflow contribution directly prior to capture. The baseflows of ten
perennial streams were surveyed in Pittsburgh, with average measured flows of 8 I/s (range
1-16 I/s) before they entered culverts and were intercep{@d COSAN 201Rinkham 2001
Troianos etal. 200§. There was no attempt to quantify baseflow of streams and springs
converted to sewers at source (type A) or from other direct spring drainage (type C), but it
allowed them to identify sewers with reducedipe capacity and instigate separation

programs(Troianos et al. 2008 Similarly in Seattle, 28 I/s baseflow from the Ravenna Creek
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was measured at the point of inteept to the combined sewefCity and County of San

Francisco 2010

Attempting to scale up the effeaif captured streams and springs on the network is more
difficult. In Seattle, a local engineer is cited as estimating in addition to wastewater, 4.9
million I/day of wet weather flowdic assumed to be dry weather flow) and 12.1 million

l/day of stormwaS NJ Ff 2¢ga | NS LINBaASYy(d Ay (Ciyr® Cgubtyl 6 2 NJ
of San Francisco 20)L0t isnot clear how this was estimated, and the defined dry weather

flow does not differentiate between the contribution from captured streams and springs

and that from infiltratiorinflow through pipe cracks and joints.

Quantification of captured stream andNfA y 3 Ff 26 Ay %dzNAOKQ& 0O2Y
used to analyse the costs and benefits of management options. In 1980, prior to a captured
stream separation program, there was an estimated -300 I/s of captured stream and

spring water baseflow in the conred sewers, plus 40800 |/s of infiltratiorinflow

through pipe cracks and joints, and a further 1820 |/s of other misconnected clean

waters (Conradin and Buchli 20D5Despite these figures being republished elsewhere,
there is no detail in the original source on how they were derived or calculatetiso they

can only be used as an approximate guide. Based on the reporte&® 6fillion ni of

gl aiSelk SN NEOSAQGSR |Antenzs &NR DiK Possible th estimatey  H 7
that approximately 716% of sewage baseflow was from captured streams and springs, and

up to approximately 264% of the sewage baseflow was steady intrusion of cleammwat

from all extraneous sources including infiltratiorflow.

It is also important to consider the literature quantifying infiltratiorflow to sewers.
Studies have variously estimated infiltration through pipe cracks and joints across a whole
sewer netwak to contribute between 15% and 50% of sewer baseflow to Ww{WKSVIR
2012, and in some studies this figure may include a contribution from the unintentional
capture of streams and springs, such as in Prdgue NB O  S)ildehtifictiorHrmmetheds

such as hydrograph analgsiould also feasibly be used to quantify the volumatsbutable

to captured stream and spring flow, though might not be able to differentiate this from

infiltration-inflow.
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The quantity of clean water contributed to combined sewer systems from capiredms

and springs will, by its nature, be spatially localised. Of importance to the water industry
should be both the total captured flow reaching WwTWs and the potentially high
proportions elevating baseflow in individual sewers with critical capagstyes. Quantifying
flow from capture by interception may be easier than for other modes of entry, due to it
being an identifiable, discrete connection. Generalised quantification figures should be
treated with caution, buta WwTW input of 716% capturedwater suggests that this is,
along with infiltrationinflow through pipe cracks and joints, worthy of water industry

attention.

2.6 Conseguences and costs

There are two recognised consequences of captured streams and springs in combined
sewers. The first ishat clean baseflow reduces sewer pipe capacity and increases the
volumes requiring treatmengButler and Davies 201Ellis 2001Metcalf and Eddy Inc. et al.
2004). This will have a similar impact to infiltratiémflow, for which the many published
studies available ha been reviewed elsewherée.g. UKWIR 20)2 The reduction in
capacity for stormwater flows and consequent risk of CSO spills and sea@infj is one of

the key drivers for the North American projects on captured streams, following new
environmental legislation on watercourse pollutidga.g. ALCOSAN 20Q12Vhile captured
streams andsprings may introduce predominantly clean water and thus have a diluting
effect on combined sewage chemistry, they may also introduce sediment and {Ebiss
2001) as experienced in PittsburglALCOSAN 20),2or may alter the sewage chemistry
where they themselves are contaminated, such as by heagwysinial activities or mine

workings.

The second consequence is the loss of urban watercourses from the urban surface, and this
shares similar effects to culverted watercourses in general. The wider literature indicates
that culverts represent a lost lhitat for aquatic and riparian ecology, and a particularly
widespread loss of interconnecting bhgeeen corridors throughout an urban aréBernet

2010 Roy et al. 2009WValsh et al. 2006 though there are substantial knowledge gaps here
(Wenger et al. 2009Wild et al. 201). The water quality of urban rivers can also be

impacted by the culverting and disconnection of perennial, intermittent and ephemeral
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headwaters from stream networkg§Kaushal and Belt 2012Paul and Meyer 20Q1 as
RSY2Yy&aiNI (SR S&ELISOAIf & Ay (Elmoré énil Katishd8 2088 & S LJ
Kaushal and Belt 201Paul and Meyer 200Q1Inaddition to the environmental impact, they

also represent a lost socmiltural connection to water in the city, with impacts on quality

of life, amenity access, aesthetics, land value and urban regeneration, and public health

(Wild et al. 201}

A further impact unexplored in the literature is that the diversion of clean stream and spring
flow into sewers represents a major water transfer to the downstream WwTW. This could
be depriving upstream watercwses of cookpringfed baseflow, which could exacerbate

the effects of drought on both visual amenity and ecological function.

No studies have been found to explore possible benefits of including captured baseflow, for
example to flush sediment oprevent drying of headwater sewers as water efficiency

measures are introduced.

No case study has yet provided a comprehensive appraisal of the costs and benefits of
stream and spring capture to combined sewers. By drawing on all case studies and the
wider literature on infiltrationinflow and urban stream managemerfEllis 2001 Franz
2007, Karpf and Krebs 201 $chulz and Krel#004 Walsh et al. 2009/ild et al. 201}, the

impacts of stream and spring capture on water industry costs are summarised as follows:

1. Capital expenditure
1 Landtake costs for larger WwTWSs, including larger stormwater storage
tanks.
1 Engineering costs of creatirtbe required treatment capacity for increased
volumes of more dilute flow.
2. Operational expenditure
1 Chemical and energy costs for increased volumes of water to be treated and
pumped.
1 Chemical and energy costs where captured streams and springs introduce
contaminated waters.

1 Effluent licensing fees.
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1 Maintenance costs of sewer networks damaged by excess sewer flows, made
increasingly likely due to loss of pipe capacity.

1 Maintenance costs of sewer pipes blocked by debris and sediment washed in
with stream andspring baseflow.

1 Reduced maintenance costs due to baseflow reducing sewer soliduyild

3. Externalities

1 Environmental, regulatory and public health costs associated with CSO spills,
sewer surcharging and sewer flooding, exacerbated by captured baseflow
reducing pipe capacity.

1 Ecological and water resources costs of localised droughts exacerbated by
diversion of baseflow away from local watercourses to distant WwTWSs.

1 Lost environmental, social and economic benefits of open watercourses in

the urban envirmment.

For WwTWs, the approximate effect of captured stream and spring flow on the treatment
costs can be estimated based on a proxy of domestic wastewater chaAjindk water
companies have a volumetric sewerage charge for metered households. Thegeshaist
represent an average marginal cost for wastewater across a range of citiasamis and

So provide a cost suitable for national policy analysis. For-201€he cost varid across the
UKwater companies fron£053 to £2.67 per m® with a weightel average o£1.05 per m
(Ofwat 2010¢. The water companies do not, in general, have a volumetric charging scheme
for stormwater, although three offea rebate for households which divert all stormwater
out of the sewersSormwater pricescan be usedo represent the clean captured water.
These rebates averad®.32 per m® (range£0.18 to£047 per m®) (Ofwat 20108).

On this basis, the minimum cost of including a modest stream with a dry weather flow of 1
I/'s in a combined sewer system is £330 peryear if treated as sewage and £000 per

year if treaed as stormwater. As an example, the EsRMivTW serves Bradford and
surrounding areas with a population equivalent of @D in amostly combired sewer
catchment. Itrecently had a major upgrade costing £53 mill{Meneaud 2009 The design

dry weather flowis 1350 I/s Wastewater plusclean baseflow from all sourceslf the
proportion of clean watefrom captured streans and springss the same as in Zurich (taken

as16%of dry weather flowy, then the annual cost of including this in the sewers is between
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£2 million and £7million. The costs could be significantly higher if infiltratioflow and
stormwater flows wereincluded. For the Ofwat discount rate of 3.5% over 20 y¢di
Treasury 201} this is equivalent to a capital investment (i.e. net present value) of £28

million to £100 million:
NPV(i,N) B ——

Where NPV = net present values discount ratet = year, R= annual expenditure at year

Note that these figures do not directly represent the costs or benefits of increased baseflow
in the sewers, but it can be reasonably assumed that the charging rates must internalise the
many direct and indirect consequereef increased baseflows from captured streams and

springs.

To provide context for the estimated costs of captured streams and springg2B08 has
reported thatinfiltration-inflow to combined sewer systems is costing the UK water industry

in the region of £1 million per day.

2.7 Opportunities for management: lessons fr om a case study of

Zurich, Switzerland

The author considers the case study of Zurich to be an exemplar for innovative management
of captured streams and springs in combined sewers. The city has been a pioneer of
separating captured streams and springs froombined sewers since the 1980s, principally
through daylighting watercourses. Since then, various cities across North America have
undertaken or proposed stream separation progra(@dCOSAN 201€ity and County of

San Francisco 2010encks and Leonardson 2Q0MMetropolitan Sewer District of Greater
Cincinnati 2012Pinkham 200,1Schombert 2006Smith 2007aSmith 2007. In addition,
daylighting of culverted wateourses not captured into combined sewers is also becoming
increasingly popula(Broadhead and Lerner 201®/ild et al. 201). Zurich was one of the

first cities to bing together the issues of stream and spring capture with daylighting.

Since the 1970s, the people of Zurich increasingly recognised the lost social and
environmental values of watercourses that had become culverted and had historically been
used as comined sewers(Conradin and Buchli 28, Herrmann 1990) The Bachkonzept

(Stream Concept) was a strategic long term plan that arose in the 1980s, aiming to daylight
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as many culverted watercourses as possible. The literature descritbesrsd from two

different, and apparently equally important, standpointSRZ 20002007). First was the

public desire to restore culverted watercourses to revive lost living space and quality of life,

YR &aSO2yR3>X (GKS g G 8fNkah dzieK Wiy dodWWTWsN&Ori@ y A (G A 2
unnecessary sewer capacity, reducing wastewater treatment efficiency and increasing costs.
Consideration of WwTW costs is unique to Zurich; no other case studies consider this in

detail, though it is briefly dis@sed in the Pittsburgh case stuBinkham 200} The stated

aims of the Stream Concept af€onradin and Buchli 20D5separate and direct flow of

unpolluted extraneous war to receiving waters, creation of recreational space for

different communities, enhancement of living areas, and creation of living space for animals

and plants.

Importantly, this concept was adopted by the City Council in 1988 as a planning paticy, an
incorporated into the 1991 Water Pollution Law (at the county level). The Swiss Water
Protection Act later encouraged a process of combined sewer separation using daylighted

streams as the primary surface water drainage sys{gwiss Confederation 1991

G ! NI A O tpQluted dvastev@aiér shall be infiltrated according to the instructions

of the [county] authorities.

Article 12. Norpolluted wastewater withpermanent flow shall not be passed
GKNRdzZAK | OSY(dNIf w2g¢286dE

There is no published technical detail on how the lost streams and springs were identified.
Maps illustrate the historic burial of watercourses entering the urban aFégu(e5). While

the literature does not detail the connectivity of the captured streams and springs to the
combined sewer system, using the conceptd-igure4, it is hypothesised that many are
capture by interception (type B) of alpine streams flowing into the city into combined
sewers. There may also be additional capture by conversype (A) to combined sewers of
streams rising within the urban area. The literature explicitly acknowledges direct spring

capture (type C{Conradin and Buchli 2005
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Figure5 Historic loss of Zurich's streams (water in blue) with increasing urbanisation (grey). Many strearflsvmamv
culverts, or are diverted into combined sewers. Since 1980, 20 km of streams have been daylighted, with plans for many
more (ERZ 2000, 2007). (Image courtesy of Markus Antener, ERZ).

A conventional approach to converting combined sewers to separate foul and stormwater
systems would be to install drainage pipess recommended in the USAnited States
Environmental Protection Agency 1998nd exemplified in a German repofnknown

20090 ¢KS {ONBIFY /[/2y0SLIiQa Ayyz20ladArA2y fASa
streams to convey captured stream and spring baseflow, as well as a proportion of
stormwater runoff from existig and new developmentd-{gure6). They therefore act as a

form of sustainable drainage system (SuR)nradin and Buchli 20p5and play a role in

urban flood risk managemenfAntener 2012. Naturalistic stream channels and riparian
O2NNAR2NE | N5 dzaSR 6KSNB LI2aarof Sz odzi ¢KSI
are installed.The latter may have a lower ecological potential, but nevertheless offer
architecturd value in urban areafFjgure70 ® Ly 2y S (1y2sy OFasSsz
Nebdbach, Zurich, overflows into the combined sewer to prevent flooding during heavy
NFAYTFFEEf LISNA2Ra® ¢KSNBE KIFra y2idzx G2 GKS | dz
assessment of the hydrological performance (particularly with regards to locabgedred

baseflow and stormwater separation and effective reductions in combined sewer flows), or

the ecological and social benefits from the daylighting of captured watercourses, though the
literature makes general claims of improved land values, qualitiffeoand wildlife in urban

areas as key resul{gintener 2012Conradin and Buchli 2006RZ 200@007).
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Based on the reported 60 milion2 ¥ 61 40 Sé6F GSNJ FE26Ay 3 | yydz f
(Antener 2012, captured stream and spring flow originally contributed approximately 16%
of the influent, and this has been reduced to around 10% using the Stream Commedje (

3). This moderate reduction has been used for gauging thelwarsefit of captured stream

and spring separation using daylighting, in addition to the social and environmental
benefits. Conradin and Buchl2005 state savings of CHF 5000 per I/s (approximately
£3300) of cleanstream or spring water diverted away from the WwTW, based on
undisclosed unit treatment costs. This is significantly less than the estinrB88800 annual

costs of including a stream dfl/s in the combinedsewer, based on water charging rates.
The eviénce indicates that savings are nevertheless possible, and precise economic
evaluation is required. They also state that daylighted streams are cheaper than installing
separate drainage pipes in urban areas (CHF -P000 and CHF 20€8D00 per metre
length, respectively)(Conradin and Buchli 2005 Additionally, some costs have been

reduced by integrating daylighting projects with unemployed labour forces.

Table39 AGAYI GSR Ft26a 2F Of SIy & (SN &&ntanDDE ConmdinantBicliK Q4 02 Yo A
2005, showing the effect of the Stream Concept on separating captured streams and springs from the combined sewers

by daylighting urban streams.

Prior to Stream
Concept (1980)

Separation possible with
Stream Concept

Separation so far with
Stream Concept (2010)

Spring and stream 200-300 I/s 180250 I/s 140190 I/s
water

Other misconnected | 160-220 I/s 5080 I/s 3040 /s
clean waters

Infiltration-inflow 400500 I/s 50-100 I/s 5080 I/s
Total 7601020 I/s 280430 1/s 220310 1/s

Figure6 (Overleaf)Schematics showing alpine streams and springs intercepted and captured into Zurich's combined sewer
system, circa 1980 (1); conventional sewer separation of captured streams and springs and stormflow into separate pipes
(2); and the Stream Concept approamthseparating captured streams and springs into daylighted urban watercourses (3).
After Novotny et al(2010 and Conradin and Buchli (2005).
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Figure7 Daylighting urban streams for captatestream and spring separation from combined sewers: the experiences of the Zurich Stream Concept. Left: daylighteérAllmsitiedh
with naturalistic bed in a spacious suburban location, with ecological and social benefits (iatgsy of Markus Aener, ERZ (2000)Right: daylighted Nebelbach in dense Zurich centre,
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The financial justification for daylighting based on wastewater treatment costs of captured
streams and springs is unique to Zurich, but additional ecosystem services anddagial
benefits (including land value improvements) derived from the uncaVergeparated
streamsare discussed in other case studiés.g.City and County of San Francisco 2010
Pinkham 20002001) as well asnore generally in literature on daylightir(g@.g.Broadhead

and Lerner 2013Wild et al. 201) and in studies on sustainable urban river corridor
management (e.g. Pattacini et al. 20)1 This indicatd G KI i  %dzZNA OKQa |
confident in their understanding of the concept of captured streams and springs, its
consequences and costs, and the viability of separation. Despite this position, no peer
reviewed literature has independently verified tleeslaims of economic benefits for wider
scrutiny. In particular, it is not clear how these flows and costs have been estimated,

restricting use of the figures as an indicative guide.

BdzNRA OKQa {GNBIY [/ 2yO0SLIi= 6 Al Kreqdir€sIteprateddy R L.
management of wastewater, surface water drainage, watercourse restoration and urban
design. Many of these concepts are now called for in Green Infrastructure or Water
Sensitive Urban Design. While not a panacea, daylighting streamepéoase clean flows

from combined sewers could help with existing effortstackle problems of urban water

quality (such as revealing misconnections and diffuse urban pollution) and quantity (such as
surface and river flooding). It could, subject to asessment of hydrological performance,

be applied in strategic areas to address critical sewer capacity and flooding issues.

Policy and governance issues will almost certainly require further explordtesmallest
headwater streams, those most vulnetalio culverting and capture into either combined

or separate sewer@Bishop et al. 200&EImore and Kaushal 200&re offered only limited
protection such as in the USA Clean Water(Bbhore and Kaushal 2008nd in Europe can

be neglected in tB Water Framework Directiv@Lassaletta et al. 20)0It will also be
important to consider the responsibilities and management implicatmfrisistoric captured
streams and springs reclassified from natural waters to sewer assets. In the UK context, this
may necessitate further integration of water management that is currently shared between
privatised water companies, local authorities, jate developers and the Environment
Agency; the water industry should now consider the approach in Zurich as a means of

bridging multiple goals in sustainable water management.
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2.8 Conclusions

There is case study evidence that streams and springs have haffiobeen captured into
combined sewer systems, often to maximise development space and sanitise polluted
watercourses. They contribute clean water baseflow to WwTWSs, and the experience from
Zurich indicates the quantity could be substantial, with6P6 ofbaseflow reaching WwTWs

from clean, captured water. However, this capture has been little discussed or
acknowledged until now, with most published research on steady intrusion of extraneous
flows to combined sewers focusing on the related problem oftiafibn-inflow through

pipe cracks and joints. The evidence suggests that captured streams andss@aueg a
similar impact to this: higher risks of sewer flooding and CSO spills and increased treatment

costs.

This review suggests that it is highly proleakthat clean baseflow from captured streams

and springs is reaching WwTWs in some towns and cities in the UK, and concludes that
there is a strong case for identifying and quantifying captured streams and springs in UK
sewer networks, particularly with var industry interests in reducing CSO spills and sewer
flooding, futureproofing pipe networks by conserving capacity, and reducing operational

costs of wastewater treatmen(e.g. Kelda Group 2011

Indicative costs of treating this clean dmlow suggest economic benefits of separating it
from combined sewers. The Zurich Stream Concept presents an enticing opportunity to
combine water industry and river restoration interests. By using daylighted urban streams
to convey the clean water basefl, highly promising social and environmental benefits
have been suggested; an independent peeviewed appraisal of this approach would be

strongly recommended.
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3.1 Introduction

{GNBlFYa YR ALINAyYy3Ia OFy 06S02YS afzaité¢ o0& KI
directly connected into combined sewer systems. As a source of clean water to combined
sewer networks in additiono infiltration-inflow through pipe cracks and defective joints,

there is a case for water companies to identify where stream and spring capture occurs,
quantify it and evaluate the consequences for WwTW and sewer network operations
(Chapter 2). Loss of hdwater streams in this way also brings environmental and social
disbenefits(Everard and Moggridge 201Ereeman et al. 200Meyer and Wallace 2000

Nadeau and Rains 200Walsh et al. 2006

While some watrcourses may be directly intercepted by a combined sewer so that a
discrete inflow can be observed or checked with connectivity tests, some watercourses have
been converted into combined sewers from their source and have no known or easily
identifiable pont of entry to a sewer. hsewer methods may be able to indicate the
presence of captured waters in a sewer, as with infiltratiofiow. Because they may first
require suitable inspection locations to be identified, they may be inappropriate for a pro
adive networkwide assessment. While some studies have attempted to map and quantify
rates of stream buria(Bishop et al. 2008Brooks and Colburn 201EImore et al. 2013
Elmore and Kaushal 2008alster 2012Roy et al. 2009Stammler et al. 2013 there are

few international and no UK examples of a strategic attempt to identify and tackle stream

and spring capture. As such, there is no methodology available to the water industry.

The research aim of this study is to degela methodology that can be used to indicate
where stream and spring capture occurs in combined sewers, by critically reviewing and
applying available evidence to a UK case study. Three stages are considerddcétisy

lost streams and springs; seconddicatingwhere they may be captured into combined
sewers; third,verification options available to confirm or rule out suspected capture. Key

questions to be answered are:
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1 What evidence is available to locate lost stresaand springs and indicate capture,
and what are the uncertainties of ig?
9126 YlIye aidNBFYa FyR ALINAYy3Ia Yl & KIFZS 0SSy
1 How many streams and springs may have been captured in the case study
catchment?

1 What further workis required?
3.2 Review of evidence

3.2.1 Locating lost streams and springs

Modern maps

Modern maps establish the current known hydrological network of springs and open and
culverted watercourses. Surface water features can be identified from a range of products
in the UK, such a®rdnance SurveyQ§ Mastermap (vector) and OS Landplan 1:10,000
(raster) products. The Detailed River Network product by the Environment Agency is a
modified version of the OS Mastermap watercourse network covering England and Wales,
with the routes of culverted sections included from local surveys and available information
(Coley et al. 2012 Errors in culvert routes are possible where information about their exact
route is not available, and can be indicated by apparent straight lines joining culvert
openings. This product is annually updated and revised. The Mastermap and DRN products
FNE Ay @SOG2N) F2NXI 0 6AGK aSINOKFotS | GadNRKOGdz
Gaiylaé FyR aO2ttSOGa¢eg FyR aOdzZ oSNlLag OFy oS
In the UK, OS maps dwmingenerally differentiate the permanence of watercourses or
springs, and it is not clear the extent to which headwater delineation considers the
KERNRt238&8 2NJ 3S2Y2NLK2f 23835 2N gKSGKSNJ GKAA A
choice(Boitsidis et al. 2006 This is in contrast with the USGS Topographic Maps that cover
most of the United States and differentiate watercourses with solid lines (perennial
watercourse) and dashed lines (intermittent watercourse, flagsociated with seasonal
groundwater fluctuationsjMeinzer 1923 However, numerous studies have demonstrated
that the USGS marked channel initiation points of perennial, intermittent and ephemeral
watercourses are not always reliable and the differentiation between flow permanence is
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not based on hydrological datg seasonal and permanent hydrological changes to
catchments or burial of headwaters are some factors that make the marked channel

initiation points inaccuratgBrooks and Colburn 2018eyer and Wallace 2000

Historical maps

Historical maps can be used to identify the stream network and location of springs prior to
culverting or other urban development. Digitised, georeferenced mapsaseglable for

most of Great Britain at a range of scales from the 1840s onwards. These inclu@Sthe
County Series at 1:2,500 and 1:10,560 scales, first published between 1846 @Bd 18
(depending on the county), with subsequent revision and resurveying three times before
the first National Grid maps from 1945 at 1:1,250, 1:2,500 and 1:10,560 scales, with
multiple revisiors until the present day. In larger towns and cities, the higidyailed OS

Town Plans were produced at 1:500 and 1:1056 since the 1850s. All these show streams and

springs, but the available detail depends on several factors.

First is the scale and style of the map type. Smaller watercourses are generally marked as a
single line and not always labelled, which can make them indistinguishable from other
boundary or field lines like hedgerows. Historically, many parish or field boundaries
followed natural watercourses and even today subtle meandering can be seen ocdigsiona
in subsequent housing development along those original boundaries. Watercourses are
labelled on some maps with an arrow marking flow direction, but not in all scales and ages
(Figue 8). Not all water features are shown on all map scales, and this may relate to the
original survey scale or the modifications usedderive the map from surveys at other
scales. For example, the 1:2,500 County Series maps omit daialisas springs found on

the smaller scale 1:10,560 County Series m@pkver 2009, though in most cases it
contains more detail.ikewise, terminology is not always consistent across the map scales
and ages, and there are several guides to aid interpretafidarley 1964 1975 Lockey
1980 Oliver 200%. Terms of interest ar@liver 2005.

T CS; CCS; COCS; CIx; lalbel denoted to dashed lines that can refer to the centre of
a stream, centre of a covered stream, centre of old course of a stream, centre of a
drain, or centre of river or road.
1 Spring; Spg where the sources a natural spring
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1 Issues; isg where the source is an emission from an agricultural drain, or where the

stream reemerges from underground
1 Collects; where the source is a bog or marsh
1 Sinksg the point where a stream disappears underground

Method of shewing the Boundaries th connection with the Detoidl.
The initiols wre ploved whers & ohangs ooowre i e noture of the Doundaries, ag rafarved bo & vood, wall, gveam, draimn,or ferce,

ang the symbol.........x........ie waad for warking e sxtend of the Boundary (o whick the initiele refer.
1. Centre of Stream . —rrSl e o O 4. .Cenlre of Track of Stream___ e f=¥%:8 . T
- T5 B
3. Centre of Bowd...__ .. e s S
B8,
4.
&-0r.

Fide of Stream or Drain_ . ___ . 15 e oo Drain or Stvecm Stratght, Boundary changes Sider

ﬂ.._._._.g_g_..——:_\...._._:ml".‘:a_.__.. ........... Boundary Siraight, Stream or Drain chonges Sides

14
16, Defaced op Undninad, Traok of Stream, Dvain,or Fence |, D% ./.f.'f‘?‘;f Hed,

Figue 8 Detail from legend of OS 1:2500 County Series maps between 1843 and 1893, illustrating some of the ways in
which streams are shown (source: British Histbtyp://www.british -history.ac.uk/report.aspx?compid=40965

The secondactor is the age of the map. Many watercourses in both urban and agricultural
areas had already been culverted or modified to some extent by thel@fidcentury. The
earliest OSmaps are therefore not old enough to cover gievelopment locations of
watercourses and springs. Furthermore, the spatial coverage of the earliest maps is often

limited to the extent of the built area at the time of the survey.

The OS County Series and Town Plans remain some of the first widely available and
consistently survesd maps, but there may also be local historical tithe, parish and town
maps available. Maps dating back to the middle ages are sometimes available, though this
brings challenges in interpreting and accessing them. They are not always available in a
digital format, and may require scanning, rubksheeting and georeferencing to import
them into a useable GIS format. Alternatively they can be visually interpreted, but this may

reduce the accuracy witvhichlocations of springs can be determined.

No known hstorical maps have been digitised in a searchable vector format, making
searching through the maps at various ages and scalasvely timeconsuming. In the US,
historical topographic maps exist and are freely available from the lafecedtury and

have been used in some studies to map stream burial patté@adster 2012
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Street names and place names

Street and place names can often reflect the presence of water nearby. They are also easily
searchable from attribute tables in OS GIS products such as Vectormap Local, Gazetteer and
Mastermap. Historical gazetteers can also be found for some localitiegiding details of

streets that may since have been removed or renamed. As a historical interest, local history
books may be available to guide on the etymology of the names. Names that may reflect

g1 GSND2dzNESE& YR ALINAYy3Ia NNy OSdzRS GdNA IQSINE 3 €6
/] £2aS03> GoNR21¢ o0SdaId . NRr21 {GNBSGOL YR a0?2
Citizenscience

¢KS O2yiNARodziAz2y 2F GOAUGATSYy &0ASyoOoS¢eé TF2N
underestimated, though it can be difficult to robustly Wfgrclaims. The public can provide
relevant information such as springs flowing in back gardens or flooding basements, old

watercourse culverts under their property, or even fireind memories of now culverted

watercourses. Data can be manually mappe&i8 to the closest determinable location.

Otherinformation

Numerous useful secondary sources are available to locate former streams and springs.
Modern texts as well as firdtand historical texts on local history may include references to
watercourses o springs, especially where these may have formed local boundaries or
provided notable sources of drinking water in previous centuries. Paintings can also show
historical water features. Local planning departments or local libraries may also have
records & engineering designs for watercourse culverting and modifications. Such
qualitative data can be manually mapped in GIS to the closest determinable location, which
may be difficult and require interpretation with old mapBEypical descriptive findings from

historical texts are:

G!'y 2LISYy aidNBIFY Ny FNRY GKS G2L) 2F [ 21
SYLIWIASR AGaStT Ay GKS 52y5> 0S(eader I8%SNBE I
144).

& Mhile Watery street was a rural lan@ A G K | A GNBIY (Ndméry A y 3

1875: 145
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oWe know, further, that the great entrance to Broom Hall was at the foot of

Clarence Street of tday, with the horsedyke stream tumbling down the slope of

[ SI &8 DNBI @S Of(Bt@rfon 2% G K2asS I 1S4z
It is difficult to verify this information. Just as paintings can be impressionistic, so too can
written reminiscences or histories of places: the author may have written in an authoritative
tone, but could lave incorrectly remembered the area or perpetuated a local myth. This is
demonstrated by the many authors trying to locate the lost rivers of London: B&t&8?D)
describes how several widely reported or claimed lost rivers do not appear to have ever

been real watercourses.

Topographidlowpath modelling

Delineating stream networks from topographic dataaisvidely used GIS technique, using
extensions such as HydroTools in ArcGIS software. Studies have used this to assess the
extent of stream burial in North AmericgElmore and Kaushal 20080y et al. 2009

Stammler et al. 2013 The basic operation begins with a topographic digital terrain model
65¢auv YIFLI F2NJ GKS OF GOKYSyd $INBK > i 1KANOKA SR
elevation. It calculates the slope for each cell in the dataset and corrects the data to remove
Fye G2LR2IANILIKAO daiylaéd o6AdPSd Al aY220KSya
neighbouring cell of lower elevation, and thereg¢oa continuous flowpath can be derived).

It then calculates a flow direction and contributing flow accumulation value for each cell (i.e.

the number of upstream cells of a given point). A threshold value is chbs¢mepresents

the contributing upstreamarea required for channel initiation, downstream of which a

stream is delineated.

This method is therefore based solely on topography, with no consideration of the physical
or hydrological processes that influence stream networks. At a catchment scale, it provides
a means to demarcate valley shapes and the approximate location of they \@ottoms.

Two important factors determine the output:

Topographic input dataThere are ndiistoricalDTMs widely available for the UK, though it
may be possible (and time consuming) to digitise the contour lines fimtorical maps.
Modern DTMs r#ect the current ground surface without the subsequent changes and

madeground associated with urban development over the centuries. This introduces
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uncertainty over the use of such data to predict the flowpaths of former streams buried
beneath urban deviepment, but it is expected that even largely infilled valleys may still be
possible to identify in some cases. For the UK, good quality topographic data at a range of
scales exist. The OS Landform PROFILE DTM product is interpolated from contours surveyed
at 1:10,000 at a 5 m vertical interval with reported vertiaaturacy greater than £ 2.5,m
presented as a 10 m horizontal gridnd is of comparable resolution to the data used by
North American studiegElmore and Kaushal 200Boy et al. 2009Stammler et al. 201)3

More detailed topographic data derived from LIDAR (Light Detection And Ranging) methods
are increamg in availability for the UK, with most urban areas now covered at up to 25 cm
horizontal spatial resolution and 5 cm vertical accuracy. LIDAR is proving useful in fields
where such precision is advantageous, such as modelling topographic flowpath$aaesu
water through urban areas where street curbs and small topographic variations are
important (S®3 ® al | &A Y 2)@ddGoms studiest rezommeand tiDAR for stream
delineation(Colsonet al. 2006 Metz et al. 201). LIDAR data comes at increased costs and
data storage requirements, and such detail may be redundant where the focus is finding

catchnment scale watercourse valleys.

Stream initiation. The flow accumulation threshold, because it does not consider physical
and hydrological processes, is a crude proxy for chammghtion (Montgomery and
Dietrich 1988 1992 Montgomery and Foufoul&eorgiou 1993Tarboton et al. 1991 It

could be used as a parameter to calibrate the modelled flowpaths against observed channel
initiation points in a relatively undeveloped area with similar soil and geology types. Studies
have shown hat this can underestimate actual stream length, especially because so many
urban and rural streams have been modified and have had their headwaters (Bpstbp

et al. 2008 Brooks and Colburn 201Elmore et al. 2013EImore and Kaushal 2008alster

2012 Julian et al. 201,2Pennino et & 2014 Roy et al. 2009Stammler et al. 2003 It is
therefore recommended that the threshold be set to overestimate stream length, and that

the output be interpreted as an approximation.

Hydrogeology

The location of springs is deternaid by the geology and groundwater level. The UK has full

coverage of surface bedrock and superficial deposit geology datatfrefritish Geological
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Society BGS, from which information about the likely permeability can be derived. In many
areas, groundwater outcrops can be associated with geological springlines, where a
permeable rock layer overlays a less permeable rock layer. Soil types may also be important
local controls on groundwater, and there are widespread soil data for the UK that provide
typical permeability or reflect typical groundwater depths. Nevertheless, detailed

groundwater models are not generally available in the UK.

Direct groundwater observations can be provided by borehole monitoring sites used for
assessing national water resoes; but there are too few to enable confident predictions of
local depths to groundwater, especially in areas of complex geology and where multiple
shallow aquifers are the dominant source of spring flow. Historical borehole records are
widely available sm the BGS with dense coverage in most areas (because they are
associated with drinking water boreholes as well as trial boreholes for construction sites).
These can provide useful observations about the depth to groundwatérere may be
multiple aquifes in a system, some with artesian pressgreut care must be taken in the
interpretation in instances where groundwater observations were not a primary concern or
where boreholes were dug in dry years. Drinking water abstraction may be an important
currert control on groundwater levels and thus influence the flow of springs. Past coal
mining also may have considerably lowered water tables through purposeful pumping,
causing springs to dry up, and the UK Coal Authority may be able to advise from records
where they expect groundwater levels to be lowered or recovering. There may also be

numerous local studies that detail the hydrogeology.

3.2.2 Indicating stream and spring capture

Having predicted the location of lost streams and springs, additional evidence beus
evaluated to indicate where these may now have been captured into the combined sewer
system. The method and uncertainty associated with these lines of evidence is now

discussed.

Sewernetwork maps

Sewer network maps are essential to indicate theedéht types of stream and spring

capture. Capture by interception, a direct inflow of a culverted or open watercourse to a

49



combined sewer, can be indicated where a mapped watercourse (e.g. from OS Mastermap
or DRN data) connects directly with a combinedvee in the sewer network data.
Uncertainty may arise due to data quality issues (such as uncertainty over the true positions

of culverts), and therefore additional evidence to confirm connectivity may be important.

Many combined sewer networks do not exsidely contain combined sewers; separate
surface water pipes may exist locally and may drain water (stormwater, a culverted
watercourse, a captured stream or spring, or a mixture of these) to a downstream river or
even to a downstream combined sewer. Sutinect connections to combined sewers
should also be evaluated to consider whether they coincide with the predicted locations of

a lost stream or spring.

Where there is no known discrete inflow of a stream or spring to a combined sewer (i.e.
capture by comersion or direct spring capture), comparing the predicted locations of lost
streams and springs to the sewer network map can identify whether the route of a lost
stream appears to have been replaced by a combined sewer or whether there are plausible
surfece water pipes or culverts conveying the clean water to a downstream river. If no
alternative flow routes are identified, it should be assumed that capture is possible, and

further evidence sought.

In all cases, uncertainty may arise where it is not gssio observe the actual water
source, because it may no longer flow due to changes to catchment hydrology. Uncertainty
may also arise due to data qualitywhile there are statutory sewer network maps available
across the UK, details about the precisecaiions and sewer characteristics can be

uncertain.

Depending on the detail available in the GIS attribute database for the sewer network, some
adzNF I OS 461 SN aSgSNA YIeé& 06S RSYy20SR gAGK Gl
It would be expectd that these exist in locations where lost streams and springs had been

predicted.

Night-time minimum flow methods

Dry weather sewer flow follows a diurnal pattern: elevated during the daytime with distinct

peaks in the morning and evening, and lower dgrthe nighttime reaching a minimum at
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around 4 a.m. The exact pattern depends on the characteristics of the contributing sewer
catchment and the people and businesses in it. Studies estimating the contribution of
infiltration-inflow to combined sewer sysms often equate the dry weather sewer flow at
the nighttime minimum to infiltrating watergButler and Davies 201 Metcalf and Eddy

Inc. et al. 200% Various hydrograph separation techniques have been proposed to improv
the estimate of the actual infiltratioinflow proportion, looking at recession curv@#/eild

et al. 2002 Wittenberg 1999 or pairing the method with chemistrgnarkers(. | NS O S (i
2009 2012 De Bénédittis and Bertrandrajewsk0053a b, Houhou et al. 2010 Nighttime
minimum flow techniques generally assume that infiltratiofiow is a constant baseflow,
though studies have dmeonstrated that it varies seasonally with fluctuations in groundwater

depth (e.g. Wittenberg and Aksoy 20110

While the focus of such studies has been on infiltratioiiow through pipe cracks and
defective joints, there is n@eason why such methods could not be applied to indicate

elevated baseflow associated with captured streams and springs.

Observed flow data are not available for every sewer in every network, but water
companies do collect flow data in order to developaer hydraulic models. Where flow
data are available directly, the accuracy of evaluating the baseflow proportion will be
limited without consideration of the upstream contributing area that may result in an
observed lag time in the hydraulic response lod sewer catchment. In this respect, a well
calibrated sewer model derived from sufficient flow monitoring data may even improve the

confidence.

If such models already exist, they could provide a relatively straightforward and quick
indication of elevatednight-time minimum flow across an entire sewer network using
existing data. It would be expected that combined sewers in the vicinity of lost streams or
springs display elevated nighitne minimum flow. It would be difficult to differentiate
stream and spng capture from infiltrationinflow, because this is an indirect observation
rather than direct observation of connectivity. If models do not exist, it may be feasible to

collect flow data for further investigation of suspected capture.
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Sewer waterbalance

It is theoretically possible to use a water balance approach to identify ele\etgdneous
water flows in a sewer. During dry weather (thus ignoring the influence of rainfall runoff)
the catchment sewer outflow should correspond to catchment inflows (measureable by a
metered water supply); minus water losses attributed to leakage, evapotranspiration,
GSENIZ 2F O2yadzYSR 461 GSNJ 2NJ RANBOG 3INRdzyRg
groundwater infiltrationinflow, mains water pipe leakage, or captured streams and springs.
Many water companies monitor water supply flows typically at a neighbourhood sodle a
this could be paired with sewer flow monitoring data. This would be most effective where
the water supply and sewer network metering areas are the same (but they are not always
the same) and it is likely that this method would make use of existing datre will also

be considerable uncertainty in measuring or estimating water losses, but these would cause
an underestimation of infiltratioAnflow or captured water. If the water leaving a metered
area in a sewer exceeds the inputs of water to that darea combined sewer where stream

or spring capture is suspected, this could provide additional evidence of capture. It would

again be difficult to differentiate capture from infiltratieimflow.

Water chemistrymethods

Various chemistry based methods mbg appropriate to indicate the presence of stream
and spring capture in a combined sewer. Studies detecting infiltratibow have used
unique markers or have combined markers with sewer flow hydrograph methods. Such
methods may be appropriate for detiieg captured streams and springs, as the water is
similar or the same. However, water typimgwhich differentiates water sources on the
relative balance of chemical constituents rather than the presence or absence of a specific
marker ¢ may be more apprpriate. Chapterd presents the development and successful
application of major ion water typing that has been able to satisfactorily indicate stream

and spring water mixing in combined sewers.

Appropriate data are unlikely to already be available, so ¢hesethods would require

specially commissioned sampling and analysis.
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3.2.3 Verifying stream and spring capture

For direct inflows of capture by interception, capture can be verified by connectivity or dye
GSadAy3a G2 O2yFANY GKS Fft2¢ 2F |y 2LISy 2N Odz
g GSNO2dzZNESe Ayid2 + O2YO0OAYSR aSéSN®

For capture by conversion or doespring capture, verifying captunmay require highly

specific site investigation, such as spiking groundwater with a dye or mavkeah may be

inappropriate or unfeasible. The previous methods to indicate capture therefore provide

the best available wadence. It may be possible to use the available evidence or tests to rule

out capture rather than positively identify it in a combined sewer.

Where capture cannot be easily or confidently verified, a multiple lines of evidence
approach is required. Theonsiders the reduction in uncertainty for each additional line of
evidence against the increased data collection or analysis costs for additional evidence.
Where lines of evidence disagree, then the relative confidence or uncertainty associated
with eachwould need to be assessed. Evaluating the confidence and costs of the lines of
evidence may be appropriate to combine them into a decision making tool suitable for
indicating stream and spring capture. Chapter 5 develops a Bayesian Belief Network that
usesexpert knowledge to assess the relative weight of some of the methods to locate lost

streams and springs.
3.3 Case study application

3.3.1 Site description

Sheffield is a typical city in northern Englaitihas a hilly topographyand lies at the
confluences of he rivers Sheaf, Loxley, Rivelin, Porter and Dbime city expanded
particularly during the industrial revolution and into the "2@entury, and subsequently
many watercourses were modified or culverted. Sheffield is served by a predominantly
combined sewe network, but separate sewers are found in some developments and
suburbs and there are several surface water pipes found within otherwise combined sewer
areas. The networkdrains approximately 285,000 ¥d of wastewater to Blackburn
Meadows WwWTW near Rotlerham (Green 2002 The old caonbined sewer system has
chronic and agte capacity problems, and there is considerabperational expenditureat
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the WwTW for pumping and treatment energy (Bob Anderson, Yorkshire Water, pers.
comm. November 2012). The water compaMprkshire Waterhasexpressed an interest in
relieving sewer flooding and gerating extra capacity using B8 approaches (James
Kitson, Yorkshire Watempers. comm. January 2011). Sheffield City Counaaixjdoring
opportunities to reopen (daylight) buried watercourses fawltiple environmental and
urban regeneration benefitéCreative Sheffield 200&heffield City Council 20L®R\ search
area of 89 krhwas delineated that includes the city centre and some ofdlder suburbs,

including the majority of the River Sheaf and Porter Brook catchments.

3.3.2 Method and information sources

All information sourcegor locating lost streams and springs werempiledfor Sheffield:
modern maps, historical maps, street and pla@ames, citizen science, other information,

topographic flowpath modelling and hydyeological informationTable4).

For the topographic flowpath modellinghe flow accumulationthreshold for modelled
topographic flowpath channel initiation pointgas calibratedagainst 61 training points of
observed stream initiation from théiistorical maps and modern mapsAs previously
discussed, studies have highlighted that mamban headwater streams have been piped
and so the topographic flowpaths may underestimate stream length; it is more favourable
to overestimate stream length at this stage to avoid prematurely ruling out potential lost
streams. Seven flow accumulatiorréisholds were tested, measuring the distance between
the training point and modelled topographic flowpath stream origins, with a positive
distance reflecting underestimation and negative distance reflecting overestimégigare

9). A flow accumulatiothresholdof 4 ha @00 cellson a 10 m resolution DTMyaschosen,
erring on the side of ovesstimation (mean-mmn YT " THcnT ylcecm0od
deviation reflecé considerable uncertainty in both the technique and its underlying
assumptions and in the ability to precisely locate training points of known stream origins
from maps, further supporting the need to be conservative. To test how closay t
topographic flowpaths could predict lost streams and springs, the locations were then

compared to the known stream locations derived from modern maps and historical maps.

Lines of evidence to indicate stream and spigagture are detailed iffable5.
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Table4 Locating lost streams and springs: case study data sources and details for the lines of evidence.

Type

Data source and details

Modem maps

Edina Digimap / Ordnance Survey
T OS Mastermap
1 OS Landplan (1:10000)
I OS OpenData Vector Map District

Historical maps

Historical Digimap / Ordnance Survey:
1 Town Plans 185%895 (1:500, 1:1056 )
1 County Series 1858969 (1:2500, 1:10560 scale)
Othermaps of undetermined scales (Appendix A) available digitally from local history
websites and local studies libraridgtp://history.youle.info/maps.htm|
http://www.sheffieldindexers.com/LinksIindex.htil
1 Gosling, 1736; Uncredited, 1736; Fairbank, 1d6bn Leather Land Surveyor,
1823; Uncredited, 1832; Lt. Robert Kearsley Dawson, 1832; Robert Creighton
1835; Eric Youle, Growth of Sheffield 18354, 2010.

Street and
place names

Edina Digimap / Ordnance Survey
1 OS Mastermap
1 Vectormap Local
1 1:50,0000Gazetteer
References to water related features: spring, river, brook, bourne, vale, etc.

Citizen science

Elicited from chance encounters with local people, and from-¥oebms:
1 Sheffieldforum.co.uk
1 Sheffieldhistory.co.uk

Other Historical writen texts:
information f bdzYSNRdzda KA&AG2NAOIf GSEGA RSEAONROAY
watercourses, and water supply systéAddy 1888Blackwell 1828Hall 1922
Holland 1824Leader 18751901, Stainton 1924Taylor 1879The London Gazette
1901, White 1837 Woolhouse 1832
1 Numerous modern accounts by local and amateutdnians (Crossley 198Davy
1970 Duncan 2011pHey 20100live 2006Sheffield City Council 20,1\@/alton
2011).
tFAyGAy3da AffdzZAAONY GAy3 { KSTHrEKdBG RQa 2f R
I Street Flushing
1 Crookes Valley reservoirs
Topography Edina Digimap / Ordnance Survey
I OS Landform PROFILE DTM (10m resolution, 1:100@0m/vertical accuracy
Geology and Geology Digimap / British Geological Survey
hydrogeology 1 BGS GeologiL:50000) bedrock and superficial deposit maps.

1 BGS Hydrology (1:625,000) hydrogeology map
1 BGS Borehole Record Viewer (scans)
The Coal Authority
1 Pumped groundwater levels have largely recovered since mining activity (pers|
comm. September 2011).
Otherstudies:
1 Hydrogeology descriptions available in various stu(Bsmks 199,/Banks et al.
1997, Ibrahim et al. 201QJones et al. 2000
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Figure9 Topographic flowpath training results showing the average distandl @stior bars showing standard deviations)
between the modelled topographic flowpath stream origins and training points, for seven flow accumulation thressholds
upstream contributing areagshosen threshold of f4a (i.e. 400 cellsh red.

Table5 Indicating stream and spring capture: case study data sources and details for the lines of evidence.

Type Data source and details

Sewer network | Yorkshire Water (under IP/data agreement)

maps 1 Shapefile and attributes differentiatingbmbined, surface water and foul sewers
Nighttime Yorkshire Water (under IP/data agreemeMppendix C)

minimum flow 1 27 sewer flow monitoring sites throughout 2011. Dry weather period was
methods ARSYGATASR | yhiow ! ceptuteorgpbrh 2 B Gk Ay O f

(average nightime minimum flow rate during the week as a percentage of
avergge daily flow during the week).

Sewer water
balance

Yorkshire Water (under IP/data agreemeMppendix C)
1 Clean water supply network and DMA zones mapped onto existing sewer floy
monitoring catchments. Just one catchment aligned with a similar inflow area
draining through a single sewer outflow monitoring point.

Water chemistry
methods

Water typing study (Gipter 4)
1 5 sites, 3 of definite capture, 1 of strongly indicated capture and 1 of no captu
Chemistry method was able to differentiate captured flow mixing in sewer.
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3.3.3 Results of locating lost streams and springs

In the 89 kmi search area, 123 km of wecourse are shown on modern maps and 22% of
these are underground in culvert$-igure 10). Historical maps show 140 km of open
watercourse, including some extendel@éngths of headwater tributaries as well as

watercourse segments completely lost from modern recoflgyrell).

Topographic flowpath modelling generated a total gicted stream length of 33Bm in the
search areaHKigure12). This is likely to be an overestimation reflecting the chosen flow
accumulation threshold to slightlgverestimate the channel origins, and because there is a
GFSIOGKSNAYy3Ie STFFSOG 2F YdzEf GALIX S FE26LI (K
segments found from historical maps, 75% are within 10 m of a topographic flowpath line,
and 61% intersecbr touch a topographic flowpath line. This suggests a good predictive
ability of the technigie to map lost streamd~(gurel14). The remaining 25% are at distances

of up to 250 m, typically in floodplain areas where flat topography limits horizontal accuracy
of channel location, and in one case up to 500 m due to lack of data on the edge of the
search area. Acknowledging these sources of potential error, topograpbwepdth
Y2RStfAYy3 g2dzdZ R LINRPOARS | adaAidloftS GFANERID
relatively quick and could allow targeting of more thoensuming searches of historical

maps and other lines of evidence.

The lines of evidence were mappethd visually eambined to digitie a best available
estimate of thelocations oflost streamsin Sheffield shown as a map of the predicted
original stream network Kigure 13). This is inherently subjectiveand the quality of the
specific evidence at each site must be interpreted on a case by case basis. In general, the
historical mapped streams are supported by topographic flowpaths, and other lines of
evidence are irproximity to either historical mapped streams or topographic flowpaths.
Where historical maps clearly show stream segments, these are nominally given priority,
and the topographic flowpaths are used to fill in the gaps. Feathering of multiple
topographic fowpath lines is visually filtered and reduced to select a plausible stream route
where no precise historical mapped route is available; in such cases, there may be

reasonable confidence of the presence of a lost stream, but less confidence in its precise
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location. Headwaters are typically extended as far upstream as spring location evidence.

Difficulties arise when lines of evidence conflict

1 At several locations, topographic flowpaths do not match historical maps. In many
cases this is due to flatter togoaphy reducing the reliability of the technique, so
historical maps argrioritised. In other cases the historical maplsemselvesare
ambiguous(single meandering linesould be streams or just paths or boundaries),
and only if supported by other evideaare they shown as a potential lost stream
For examplewhile street names indicate a watercourse at Brook Hill, the historical
map lines and topographic flowpath locations are unclear, making this lost stream
plausible, but not confidently so.

1 There is strong evidence from historical texts of springs or streams in locations such
& . FNJ SNR& t 22 {Leadey B0), .b@ S MstorfcdlIMApy” Show
watercourse routes from here, and no topographic flowpaths are clearly demarcated
in these areas (considerable ground level changes are also likely). In these cases, a
plausible line is drawn to connect themto the nearest dowstream river,
acknowledginghe uncertainty. Indeed, Lead¢t90)NBE FSNA (2 | G QA 32
of water coursing down Townhead Street, but this is most likely to refer to street
drains that were occasionally flushed with the spried water from Bar® ND a¢ t 2 2 §

an artificial drainage network may have long altered watercourse locations.

Given these considerationBjgurel13 would be best considered a living docant, to which

further refinements are inevitably possible, but which provides a reasonable map of the

LX | dzAAofS t20LGA2ya | yR S EQuSlitative @rfidefc&iB ReF A St F
evidence has therefore been indicatively colamaded: high certainty indicates
watercourses shown convincingly on modern mapsvhere there is irrefutable evidence or

all lines of evidence corroboratach other low certainty reflects conflictingr justasingle

line of evidence; the remaining are thieest avaable estimates reflectingnore than one

line of corroborating evidence but requig some degree ofjudgement to draw the

connecting route of the watercourse
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Modern stream network

Historic stream network

m— \\atercourse 2 m— \Natercourse e \atercourse 2
= == Extended Culvert (greater than 50m) l | Kilometers = = = Extended Culvert (greater than 50m) @ Old maps show lost spring l I Kilometers
Canal © Crown Copyright/database right 2014. Canal © Crown Copyright/database right 2014.
An Ordnance Survey/Edina supplied Service. i An Ordnance Survey/Edina supplied Service.
Lake / Reservoir DRN © Environment Agency copyright and/or Lake / Reservoir DRN © Environment Agency copyright and/or
© springs database right 2014. All rights reserved. © springs database right 2014. All rights reserved.

Figure10 Modern stream network and springs. Figure 11 Historical mapped stream network and springs, with modern stream network

springs.
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Modern stream network Topographic flowpath lines
e \Natercourse == Modelled watercourse 2
= == = Extended Culvert (greater than 50m) [ I Kilometers
Canal © Crown Copyright/database right 2014.
Lake / Reservair An Ordnanc_e Survey/Edina supplie_d Service.
DRN © Environment Agency copyright and/or

@ springs database right 2014. All rights reserved.

Figure12 Topographic flowpath lines, with modern stream network and springs.

v
LS
Predicted original stream network 2 N
High certainty [ ] Kilometers
) © Crown Copyright/database right 2014.
s Best estimate An Ordnance Survey/Edina supplied Service

=== Low certainty

Figure 13 All lines of evidence visually combined to show full stream network, including
existing and lost streamsand colourcoded to reflect locations dbw certainty (conflicting or
very sparse evidence) and high certainty (streams or culverts definitively shown on m:

maps)
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Figure 14 Histogram showing distances of each stream segment marked oorib&t maps to the nearest topographic
flowpath line. The majority touch or intersect the nearest topographic flowpath line.

Modern maps show 149 springs in the search area, and historical maps show a similar
number but with a different spatial distribuwdtn. There are 119 historic springs shown that
are not within 10 m of mapped modern springs, and these are almost exclusively in the
dense city centre areas rather than the suburbs. Springs do not visually correlate with either
a particular geology or appeat the boundary of mapped geology types, and hydrogeology
data are insufficient to determine depth to water table across catchment, reflecting

complex geology with multiple shallow aquifers.

Street and place names identified almost 400 references teastis or springs. The 39
contributions of citizen science reports detailing local knowledge of old streams or springs
and the 29 references to old streams or springs from other information are predominantly
concentrated in the urban centre; bias in the coage may be explained by greater

notability of features in the centre rather than suburbs.

Combining the information visually to produce the best estimate of lost streams (including
filtering the overestimated topographic flowpath lines and using refeemnto lost streams

to connect historical mapped stream segments) yields a stream network 187 km long. This is
an estimated extra 64 km of watercourse missing from the search area that is not recorded
as watercourse or culvert today and therefore may bptaeed. This equates to 52% loss or

total burial of stream length in the search area.
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3.3.4 Results of indicating stream and spring capture

Visual inspection of the results with sewer network maps ruled out several lost

watercourses from being captured because they have been replaced by surface water
sewers that flow to a downstream river. In at least seven cases, the sewer network maps
show surface water sewers that replaced the lost streams discharging to combined sewers,
and this strongly indicates capture by interception. In other cases, capture cannot be
confidently determined from the sewer network maps; many other streams or springs have
no obvious surface water sewer or culvert to convey their flow and appear to have been

replaced by combined sewers (capture by conversion and direct spring capture).

Analysis of the 2flow monitoring sites showed a significantly higher baseflow in looat

where lost streams and springs appear to have been replaced by combined sewers
compared to locations where there were no lost streams or springs (studeta$,tt=2.15

df=22, p=0.@) (AppendixQ. There is considerable uncertainty due to unresdhaata

jdzl €t AGeé A&dadzsSa &adzOK +a Fft2¢ YSGSNI RNATFGE Y
improve confidence in this analysis it would be betterawoalysea calibrated hydraulic

sewer network model to account for lag times of water from furthgr the catchment

which may be attributed to elevated baseflow.

A water balance was possible for just one site (given the locations of District Metering Zones
and sewer flow meters) which corroborated that approximately 40% of the sewer flow was
likely to ke either infiltration or captured flon(Appendix C)At this one location, it was
possible to confirm by site visit that springs were piped into a garden pond then overflowed

to a combined sewer.

A major ion and minor ion water typing chemistry study wamplied to five sites
determined by the capture indication methodology (detailed in Chagjel he water typing
method was found to successfully detect the mixing of captured streams and springs in
some cases where erabints were known, but the geologichkterogeneity meant that it

was difficult to predict the expected erabints of local streams and springs where they
could not be directly sampled. Three sites were direct inflows of capture by interception
including an open stream entering a culvert ahen discharging to a combined sewer, a

culverted stream as a surface water sewer discharging to a combined sewer, and a spring
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fed reservoir outfall discharging to a culverted watercourse that is now a combined sewer.
In these cases, the capture and watgping analysis was verified by visual confirmation of
connectivity. Another site was an example of capture by conversion and direct spring
capture, and so connectivity could not be visually verified, though a sfgthgarden pond
discharges to the combed sewer. Consequently, the water typing was inconclusive in this
site. At the fifth site, there was no indication of stream or spring capture: despite some
possible lost streams in the vicinity suggested from historical maps and from street names,
sewer network maps and topography suggest they would not flow into the combined
sewers tested. At this site the water typing was also inconclusive; the complex geology of
this area results in a range of water types that are difficult to predict to interpretihter
typing results. However, there were no signs of visual connectivity of any streams into the

combined sewers here.

3.3.5 Review of the lines of evidence

Drawing on both the information from lines of evidence review and the experience of
applying the data to the case study catchment, each line of evidence was qualitatively
assessed for characteristics considered to be important for future application: data
availability, the time or resource requirements, and the reliability. The results of this are

presented inTable6 and Table7.
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Table 6 Qualitative assessment of lines of evidence available to locate lost streams and springs, based on the review of evideqeiance from casetwgy application. Traffic light
colour scheme: green=good; amber=medium; red=poor.

Locating lost streams and springs

Line of evidence

Data availability

Time / resources

Modern maps

Full coverage at range of scales across UK.

Historicalmaps

Georeferenced historical maps available
across UK, but map ages and scales limited
spatial and temporal coverage. Generally
unavailable prior to urban development.

Street / place names

Full coverage of UK street names, thbug
some place names not always labelled on
modern maps.

Other information

Literary or image references available in son
cases; likely to be incidental in descriptive
LASOSad {2YS 062214 a
2Toddé o0dzi O SyiResand T
watercourses.

Citizen science

Many areas have local amateur history
groups. Individuals may have local knowledc
but difficult to identify them.

Desk basedeasy, quick vector search of stre

Deskbased.Easyguick vector search by
attribute type for current stream network for
streams and springs.

Reliability

Clearly marks streams and springs in many
cases, though can be sometimes ambiguous
Catchment changes can alter location and
flow rate of historical springs.

and place names, though place names from
historical maps may require manual search ¢
above.

Names can reflect proximity to current or pa
water features, but often not precise
locations. Can be coincidental.

References can be ambiguous and lack spa
precision.

Can identify sites to target search of other
evidence. Effective communication essentia
to avoid misunderstanding, and often difficul
to verify claims.

Topography Full coverage of topographic data at a range Deskbased.Easy, quickrocessing with GIS | Most effective in hilly catchments. No
scales across UK. software for entire catchments. Accurate historical predevelopment topographic data,
stream initiation threshold can require field | so urban development and madgoundalter
data, but can be estimated. results.
Geology and Full coverage of geology maps across UK, b Deskbased.Easy, quick processing of geolog Most effective in areas of less complex
hydrogeology not always detailed enough to confidently map data, but complex and time consuming| geology. May be difficult to reliably determin

map springs or groundwater. Groundwater
depth data limited in spatial coverage, few

verified models available.

find and interpret data to determine
groundwater depth and spring locations.

spring locamns.
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Table7 Qualitative assessment of line$ evidence available to indicate and verify stream and spring capture, based on the review of evidence and experience Studycapplication.
Traffic light colour schemgreen=good; amber=medium; red=poor.

Indicating stream and spring capture

Line of evidence

Data availability

Time / resource requirements

Reliability

Sewer network maps

Good coverage across the UK for sewered
catchments, but attribute data (size, age,
materialetc.) very limited.

Deskbased. Easy, quick interpretation in Gl
of lost stream and spring proximity to
combined or surface water sewers, and of
apparent direct vatercourse connections to
combined sewer.

Essential data, but reliability can be poor wit
regard to sewer characteristics, connectivity
and precise locations.

Nighttime minimum
flow methods

Often no prior data: may require sewer flow
monitoring orexisting verified hydraulic
model.

Site investigation or desiased. Considerable
time and resources for data collection.
However if data already exist, analysis is
relatively quick and easy.

Various techniques to analyse flow data, but
difficult to differentiate stream and spring
capture from other baseflow sources such a
infiltration-inflow.

Sewer water balance

Water chemistry
methods

Verifying stream and spring capture

Connectivity testing

Often no prior data: may require sewer flow
monitoring or existing verified hydraulic
model. Water supply data available in
metered zonesbhut few catchments fully
metered at household level.

Figurel5 (Overleaf)Capture indication methodology flowchart.

Site investigation or dedased. Considerable
time and resources for data collection.
However if data already exist, analysis is
relatively quick and easy.

In most catchments, estimates of sewer flow
water supply flow, and other losses are
required, reducing estimate of clean baseflo
Difficult to differentiate stream and spring
capture from other baseflow sources such a
infiltration-inflow.

Multiple techniques available including
individual markers, pollutant hydrograph
(individual markers combined with flow data
or water typing. Potential to reliably
differentiate mixing of clean waters with
wastewater,though applicability reduced
where sample site access is constrained.

Site investigation. Easy, quick connectivity
determination by visual inspection or dye

testing. However, requires a person for site
investigation. Requires suitable sites to be

identified through other meas.

Potential to reliably confirm capture by
interception by verifying direct inflow of a
watercourse.
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3.4 Towards a procedure: capture indication methodology

For users in the water industry wanting to assess where stream and spring capture occurs,
knowing which lines of evidence to use or to commission, and in what order, will be
informed by issues such as data availability, the timerasdurce requirements of each line

of evidence, and the potential reliability or confidence of each test. Drawing on experience
from this case study application and from the qualitative assessniatil¢6 and Table7),

a multiple lines of evidence approach is presented as a piaeein a flowdiagram Figure

15). This will now be described and discussed.

To begin with, the locations of lost streams and springs are determined usingbdss#

evidence in GIS. The approach is to deterntime known stream and river network, and

GKSY ARSYy(GATFe YAaaraya 2N aft2adGé¢ 61 G§SNI FSI 0 dzNJ
flowpath modelling achieved in this study, this is recommended first to target application of

other lines of evidence (sudms historical maps or citizen science) that may be more-time
consuming, have limited spatial precision, data availability or coverage, or may require

public engagement. Streams and springs still visible or connected to the known modern

river network can beeliminated from enquiry. Each additional line of evidence
corroborating the possibility that a former stream or spring is no longer visible or connected

to the modern river network strengthens the likelihood that it is lost and a candidate for

capture.

The next stage is to indicate where lost streams and springs may have been captured into
combined sewers. Sewer network maps should be used first, as a widely available data
source for a quick dedkased assessment. They can be used to determine where a lost
stream (either as a surface water sewer or culvert) appears to flow directly into a combined
sewer, suggesting capture by interception. This could then be verified by commissioning a
site investigation to determine the connectivity in the field; it is gibke that the sewer

network data are incorrect and should be revised.

Sewer network maps can also be used to determine where the located lost streams and
springs appear to have been replaced by combined sewers. Where there are surface water
sewers that iow to a downstream river, capture can be ruled out. Where there are no

alternative flow routes other than the combined sewers, then it is possible that the lost
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stream or spring is captured. Further lines of evidence or tests can be commissioned to
improve confidence in the assessment. Where flow data or a verified hydraulic sewer flow
model exist for the network, a dedkased based study of nighitne minimum flow or a
sewer water balance is recommended for relative ease. These lines of evidence cateindic
the presence of elevated baseflow, though they may not be able to differentiate this from
infiltration-inflow through pipe cracks and defective joints. If further confidence is required,
water chemistry methods may be commissioned; though more castiyne and resources,
they may corroborate other lines of evidence and may be able to differentiate captured
flow from infiltration-inflow in some circumstances. Where the results of these are still
uncertain, it is not possible to further verify capturg bonversion or direct spring capture
because there may be no discrete inflows. Instead, it is recommended to rule out other
sources of clean water in the sewer, such as infiltraiidffow or mains water supply pipe
leakage; this may be directly observad leakage through sewer pipe cracks and defective
joints using CCTV and other techniques outlined elsew{i#f@&VIR 2012

3.5 Discussion

Application of the capturéndication methodology to a case study catchment has identified
many lost streams and springs across Sheffield. While some of these may be hidden
headwaters of known watercourses, many are entirely lost, unrecorded in modern maps,
and may have been dewated or captured into combined sewers. Other studies that have
mapped stream burial previously have relied on topographic flowpath mode(kng.
Bishop et al. 2008Elmore and Kaushal 2008r just historical mapge.g. Galster 2012
Experience in this study suggests that neither is capable of infallibly detecting all lost
streams and springs: topographic flowpath modelling is less accurate in areas of flatter
topogrgphy or where madearound in urban areas has infilled former valleys; historical
maps may have limited spatial or temporal coverage and interpretation can sometimes be
ambiguous. Use of the additional lines of evidence provides greater confidence in dpcatin

lost streams and springs, and should be considered in other studies mapping stream burial.

In the case study catchment, 52% of the stream network by length has been culverted or
lost entirely, which is similar to findings elsewhere in the literaturetrdds used in some

other studies make direct comparison difficult, but EImore and Kau&@&8 found that
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66% of streams in Baltimore City had been buried, increasing with urbanisation and with

decreasing stream size. There are no known comparable studies of streamitiialUK.

This study is the first to detail a methodology to indicate where lost streams and springs are
captured into combined sewers. Despite some other examples of stream and spring capture
(including management of it) such as Zurich or Pittsburglapten 2 found that none had

detailed a methodology, making comparison difficult. The finding of several sites where
capture by interception, capture by conversion or direct spring capture occurs does support
the distinction of these three separate types cdpture, which require different lines of

evidence to indicate and verify. While some lines of evidence have not been possible to fully
examine due to data availability, the general approach of each has been demonstrated in

this study.

The study has denypa G NF 6§ SR GKI G &aGNBFYa FyR &aLINARyYy3Ia
combined sewer system and are flowing to the WwTW. Further application of the lines of
evidence in this study would enable a thorough quantification of the number of captured
streams and sprigs in this case study catchment, the volume of clean baseflow they
contribute, whether these sewers are at risk of capao#hated problems such as sewer

flooding, surface water flooding or CSO spills. The costs, benefits and feasibility of
management opbns such as separating the captured streams and springs through
daylighting and restoration of watercourses could then be explored, drawing on the

experience from Zurich.

Further development of this methodology is recommended. First, application to new case
study catchments would explore the effectiveness of the lines of evidence in different
scenarios. For example, anecdotal reports suggest that watercourses have be@amntednv

into combined sewers in Hull as recently as the 1960s (Steve Wragg, Hull City Council, pers.
comm. March 2013). It would be useful to test this methodology here because, unlike
Sheffield, Hull occupies flat former coastal marshland with a historgxténsive land
drainage that may hinder topographic flowpath modelling. A collaborative research project
with water companies across the UK would enable access to data that has not yet been
available in this study, as well as providing an insight intoetkient and prevalence of

stream and spring capture in towns and cities.
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Second, this methodology could be developed as a modelling framework. Currently, the
procedure flowchart Eigure15) assumes equal importance of each line of evidence, when

in practice each have strengths and weaknesses. The qualitative assessment of the lines of
evidence identified the relative strengths and weaknesses of the evidence with regards to
data availability times and resource requirements, and reliability. Chafietevelops a
predictive tool using a Bayesian Belief Network (BBN) to enable users in the water industry
to predict the likelihood of stream and spring capture across entire sewer networks. The
BBN uses expert knowledge to integrate the ddssed lines of evidenand evaluate their
importance enabling the user to target and prioritise sewers for those lines of evidence that

may involve considerable cost or effort through data collection andirsitestigation.

3.6 Conclusion

Thischapterhas demonstrated a multiple lines of evidence approach to indicate where lost
streams and springs may be captured into the combined sewer system. In a UK case study
catchment, it found that over half the stream lethgis lost or buried, and confirmed that
there are at least five sites where streams and spifhgw into combined sewers to the
WwTW. This is worthy of further attention by the water industry to now examine the full

costs and impacts of this, and the apfunities for management.

Combining multiple lines of evidence is recommended to address uncertainty associated
with individual lines of evidence. By first locating lost streams and springs, then indicating
where capture may occur, and then attempting vterify this, relatively simple dedsased
information can be used to target and justify the further confirmatory (and expensive)
methods. There is scope to integrate this methodology into a predictive tool that will allow
a network wide assessment of cajpé to help to target these confirmatory methods. There

is also scope to test the methodology on other case studies, and develop a partnership with
the water industry to trial particular lines of evidence that were not possible to fully explore
in this study.
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4.1 Introduction

Some watercourses historically buried under towns and cities into culverts have also
0502YS f2aid o0& KI@GAy3 0SSy Ayl S¢stansyThdyt &
now flow to wastewater treatment works (WwTWs). A walobwn example is the River

Fleet in London, which was purposely converted into a combined sewer and diverted into
the Victorian high mid- and lowlevel interceptors, adding to the weeswater baseflow.

Ancient springs along its course have also been drained into the séavgrdviyers 201

While the principle of stream and spring capture is acknowledged in a fewka@in
examples like the River Fleet, there has been little consideration by the water indistry

the extent, location or quantity of stream and spring capture in combinedesewwtworks,

and what the consequences and costs of this(&leapter 2.

There has been considerable focus on the unintentional infiltratidlow of groundwater
through sewer pipe cracks and defective joirftsKWIR 201Rand the rainfalderived
surface runoff inflows to combined sewer syste(KWIR 2009Zhang 200y These can
essentially be the same waters as captured streams and springs, but repres#éferand
entry mechanism and cause (Chap@x. Measures to rehabilitate combined sewers by
waterproofing or to reduce stormflow inputs using sustainable drainage systems will not

tackle the historic, intentional capture of streams and springs.

Like infitration-inflow, stream and spring capture increases the clean baseflow into the
system, reducing sewer capacity, increasing sewer flood risk, and increasing wastewater
treatment costs(Chapter 2). It also represents a host of negative environmental, sowiial
economic effects associated with the burial of urban watercou(Besadhead ad Lerner

2013 Elmore and Kaushal 200Bverard and Moggridge 201Breeman et al. 20QRoy et

al. 2009 Stammler et al. 201,3Vild et al. 201).

Even if we know where lost streams and springs once used to flow, their connectivity into
combined sewers cannot be assumed, because there may be unmapped culverts taking the

flow instead of a combined sewer, and some cases hydrological changes may have de

72



watered springs. There is therefore a need for directsemver detection of the captured
waters mixing with wastewater. Existing methods used to detect groundwater infiltration

inflow may present difficulties en applied to captured streams and springs:

1 Water balance methodg; indirect indication of infiltrationinflow by comparing the
volumes ofsewer flows from an area to the tapwater inflows to the area. This can be
used where there are data from domestic t&a meters and from sewer flow
monitoring, and has been attempted at entire catchment scdkg. Hajnal 2008
Kim et al. 200}l Because it relies on assumptions about water use and losses, it can
be imprecise in practice, and not possible for many -nmtered subcatchment
areas(UKWIR 202).

1 Sewer hydrograph methods; equating the nightime minimum flow (where
domestic wastewater inputs are at their lowest) to infiltratiorflow, capture or
other baseflow is a widely used technigyiletcalf and Eddy Inc. et al. 2004
Research has developed thesdimsitions with consideration of the hydrograph
recession curves following storn{e.g. Wittenberg 1999 Wittenberg and Aksoy
2010 Zhang 200y, showing that infiltrationinflow seasonally varies arftas both
fast and slow responsdo rainfall events. Sewer network modelling will often use a
constant infiltrationinflow estimate such as 10% of the dry weather flpwo
calibrate modelled flows to observed flows after calculating expected domestic and
trade wastewater inputgButler and Davies 20)1The method requires installation
of flow monitors, and it is unlikely to differentiate captured flow from infiltration
inflow once mixed in the sewer.

1 Chemical markersq there are no obvious single chemical markers unique to
captured waters and thus not present in wastewaters, but studiesehased
Chemical Oxygen Demand (COD), Total Suspended Solids (TSS), conductivity and
temperature sensing to indicate the ingress of infiltratioflow (UKWIR 2012
Stable isotope ratio methods have been proposed to identify a unique chemical
fingerprint of infiltratiorrinflow in combined sewer&racht et al. 200)7

1 Pollutant-hydrograph methodsc combining a chemical markétypically COD, but
also stable isotopes) with the hydrograph method to produce a mixing model of
pollutant loads and wastewater flows. Some studies have developatturproxy
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evaluation of pollutants such as COD using ultravieigible spectroscopyU\-VIS)
techniques; coupled with flow monitors, this can capture continuous data enabling a
robust evaluation of infiltratioAnflow. This assumes a baseline chemistry of
infiltration-inflow, e.g. 0 mg/L COD, giving rise to potential uncertainty if apptied

captured streams or springs which may have been contaminated.

A widely used approach in hydrogeological studies is the use of major ions to differentiate
groundwater types mixing in aquifer®.g. Hutchins et al. 1999Navarro and Carbonell

2007, Peeters 2014Rains et al. 2006 Major ions are ubiquitous in waters, gaally
conservative and easily analysed. It is not their presence or absence but relative proportions
2T AYGOGSNBadxz OfdaAGSNAYy3a Ayid2z2z &LISOAFTFAO 3TN
chemical constituents, which for many natural waters reflect thparent geological

material (Freeze and Cherry 19/8iler and Thyne 2004akshmanan et al. 200Rains and

Mount 2002. This could be a useful technique to detect captured streams $prings,
complementing the other methods identified above and addressing some of their

limitations.

The aim of this study is to test whether major ion water typing and analysis of minor ions
and trace metals can be applied to detect captured streamd aprings in combined

sewers, using sites in Sheffield, UK, through the following hypotheses:

1. wastewater and captured waters are distinctively different water types, which are
identifiable amid the shorterm variability in water chemistry (especially thatthe
wastewater);

2. the wastewater types predominantly reflect the local tapwater type, and the
captured waters predominantly reflect the local groundwater and spring
OKSYAAUNRSAT KSyOS (KSamintdtb gssessdixidgi SR G 2

3. downstream of stream and spring capture, sewer chemistry reflects mixing between
distinctive endpoint water types of wastewater (diurnally varying) and
watercourse/groundwater (no diurnal variation), tending towards the

watercourse/groundwatetype during the nigt-time minimum;
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4. major ion water typing results are corroborated by minor ions and trace metals
(some primarily associated with anthropogenic wastewater inputs, others with

natural geologic inputs) and COD tracing.

This study focuses on stream and spring capture, but the applicability of the method to

detect infiltration-inflow is also briefly discussed.

4.2 Method

The general approach to this project has been to characterise springwater and tapwater
types in the Sheféild area and then to conduct a sewer capture sampling programme.
Springwater types were characterised to identify whether the chemistry of springwaters is
similar to captured waters from nearby or from similar geology, in order to predict the
expected enepoint water type of a captured stream or spring where it is not possible to
sample it directly. Tapwater types were characterised to identify how similar tapwater is to
the local wastewater chemistry, in order to predict the expected -potht water type &
wastewater where it is not possible to sample it directly without the influence of
infiltration-inflow or captured water too. The sewer capture sampling programme then
tested the water typing method on sites of stream and spring capture in combined sewer
The site selection and sampling methodology are described for each, followed by details of

general sample handling, analytical procedures and methods of interpreting water types.

4.2.1 Springwater characterisation sampling programme

Sheffield is situated premminantly on Coal Measures geology, which consists of alternate
series of siltstones, mudstones and shales with bands of sandsttweCdal Measures
contain bands of coal and additional minerals not generally reported within the Millstone
Grit geologythat underlies the Peak District on the western edge of the titythe Sheffield
Coal Measures, extensive historical coal mining has lowdredvater table and tie main
deep groundwater sources are thought to be approximately 100 m below the surface in
many areasbased on local borehole record§orings are therefore locaed shallow
groundwater sourcesrecharged through water percolating into the sandstone strata, and
discharging at the surface as springs or seeps at the boundary with the lower pelitgeabi

siltstones and mudstones. The location of springs is theraddfieult to predict due to the
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relatively low resolution of geological surveygeology maps do not differentiate the
detailed location of the sandstones, siltstones, mudstones and shai#tsn the Coal

Measures strata). Springs are therefore not always at mapped bedrock geology boundaries.

Many springs, especially in the dense urban centre, are no longer available to sample,
having been covered by development and potentially capturéd the combined sewer
system. It is possible that springs have been dewatered through catchment changes to their
recharge area, such as the development of impervious urban surfaces, but several springs in
the city are still flowing, and there are numeroteports of springs flooding basements.
Indeed, other studies have shown generally that urban recharge can still be considerable
(Lerner 2002

¢KS OKSYAOFt aArAayladzaNBE 2F {KSTFAStEt RQA &aLINR
rainwater and surface runoff recharging through the shallow aquifergerGthe spatially

complex geology, the chemical signatures could reflect the geochemical composition of

numerous rock types, in addition to the local soil types and urban contaminants.

Thirteen sites of springs, issues and seeps were sampled in anddag8heffield in both

rural and urban areas, and from both the Coal Measures and Millstone Grit geological
formations. Samples were taken in April 2012, with selected sites resampled to test for
temporal variation during a dry weather period in June 2012es€hsamples represent

shallow groundwaters of Sheffield. Samples from each site are detail@dhbie 8 and

mapped inFigure16. Samples were collected in a syringe rinsed three times in the flow
0SF2NB 06SAy3a LWHzZ2AKSR GKNRdAZAK ndnp >Y FAf GSNE
the laboratory, analysed fgoH, and refrigerated for later analysis within one week. Results
gSNBE O2YLI NBR F3alFAyad GKS ¥S¢ SEAaGAY3I & dzF
chemistry(Banks 199/Jones et al. 2000
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Table8 Springwater sample site details and descriptions

Site | Sample Geology Qualitative assessment

1 A¢ Seep, from Coal A ¢ Substantial flow within 20 m of seeps. Sandstone to shale ba
beneath rocks Measures | noticed in cutting. May be contaminated by organic material. May
B¢ Seep or be sports field drainage.
drainage, rock B¢ Contributes to large open boggy area leading to stream. Sma
tunnelunder path flow from beneath path. May be contaminated by mud. May be

sports field drainage.

2 A¢ Spring, from Coal A ¢ Substantial flow from steep wooded hill slope and steep gully,
and behind clay Measures | Sample taken from behind piped flow. Shaley to muddy sobkay
pipe be contaminated by urban area and road above wood.

3 Ac¢ Issue, standing| Coal A ¢ Wetland with raised pool of standing stagnant water, forming
pool Measures | substantial stream within 10 m of start, but no clear inflow pipe.

May not be fresh. May bdrainage from cemetery, estates and
roads.

4 Ac¢lIssue, stream | Coal A ¢ Substantial stream flowing from golf course, so may have
B¢ Seep, standing| Measures | modified drainage. May be contamined by rubbish and leaf litter.
water B ¢ Wet patch forming small stream within 25 m, sourcing from g¢
Cc¢ Seep, gully course, so may have modified drainage. May be contaminated a

standing puddled water.

Cc¢ Slope gully in woodland collecting water, with small flow at p&
May be contaminated by sediment picked and possible filter
problem. Hydrologically disconnected from golf course catchmen

5 A¢ Seep, exposed| Coal A ¢ Small seep from hillside towards infilled gully which may use

Measures | have issues on hydrological path. Shallow soil, and flow frmks.
May be contaminated by surface runoff from surrounding ground
urban area and road.

6 A¢ Surface Coal A Piped surface drainage to stream. Possible groundwater
drainage, from clay Measures | infiltration or soil drainage component due to mimal prior rainfall.
pipe May be contaminated by pipe and by misconnections and pollute

urban runoff.

7 A¢lIssue, from Coal A Issues from back of gardens. May be related to issue/sink fur
plastic/metal pipe | Measures | upstream. May be buried beneath gardens and mixed with soil
B¢ Issue, gully water garden drainage. Possible contamination by pipe and gard
drainage and road runoff.

C¢lssue, from clay B¢ Issues as surface water fromadk of gardens in small open dry
pipe gully, with deep leaf litter. May be mixed with soil water garden
D¢ Seep, from drainage. Possible contamination by garden and road runoff.
beneath rocks C¢ Small piped flow into drainage gully. Orchard upstream of he
Ec Issue, from suggests may be soil drainage,connected with nearby garden
base of rock wall drainage.

D ¢ Seep from beneath rocks in gully, forming wet area then sink

to contribute to nearby stream. Possible soil water, but likely

shallow groundwater due to rocks here.

Ec¢ Main issue at base of rock wall baetiwhich is raised meadow.

May be drainage or soil water. May be contaminated by leaf litte

and may have been pooled.

8 A¢ Spring, Millstone A ¢ Spring contributing tdast peaty stream. Rock outcrop not
exposed seep Grit/ accessible, but seeps from sphagnum moss area. Possibly colle
B¢ Spring, from Rivelin surface water following recent rain, or boggy soil water, but visib
rock Chatsworth | uprising of groundwater. Possible contamination by sphagnum

Grit and peat soils.
(Superficial | B¢ Substantial spring discharge from between rocks, leading to
head) large boggy area.
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Site | Sample Geology Qualitative assessment

9 A¢ Spring, from Millstone A ¢ Substantial flow from beneath rocksrming small incised gully
rock Grit flow. Boggy area nearby, but distinctive sample.

B¢ Spring, from (Superficial | B¢ Substantial flow cascading from rock area. Possible

rock head) contamination by leaf litter and lichens, but leaves cleared and

C¢ Spring, from pools allowed to refresh.

rock Cc¢ Same as above, but from f#ifent side of spring.

D¢ Seep, from D¢ Boggy area beside spring, with flow from beneath rocks.

beneath rocks Possible contamination from substantial muddy sediment and
matted organic matter.

10 | Ag Seep, wetland | Millstone A ¢ Wetland atove river level, forming several small draining flow!
B¢ Issue, from Woodhouse| May be collecting surface water or soil water, or shallow
beneath rocks Grit groundwater contribution. Possible contamination by main road,

organic matter, and pooling in sunlight.

B¢ Small flow coming from beneath ragKeading into relatively
dried gully. May be contaminated by local field drainage, but
appears hydrologically disconnected from this, so likely soil wate
(reinfiltrated surface drainage) or shallow groundwater.

11 | A¢ Spring, from Millstone A ¢ Substantial spring discharge, but may be also reinfiltrated soi
rock Grit water from upstream springs arrdnoff.

B¢ Spring, from B¢ Substantial spring discharge, piped outfall to spring (11C). M:
plastic pipe be reinfiltrating surface water and soil water, but likely majority
C¢ Spring, from groundwater from rocks. May be contaminated by algal growth ir
beneath rocks plastic pipe and prior exposure to sunlight.
D¢ Issue, from C¢ Substantial spring discharge from beneath rocks on muddy b
clayey hole then pooling and flowing into pipe. ). May be reinfiltrating surface
Ec Issue, from water and soil water, but likely majority groundwater from rocks.
beneath rocks D¢ Small flow from hole on top of clayey layer. May bé s@ter
F¢ Issue, from from wooded area. May be contaminated by mud and sediment.
beneath rocks same level as but hydrologically disconnected from nearby sprini
Ec¢ Small flow from rocks, above nearby issue. Slightly muddy. M
be contaminated by muddy sediment.
F¢ Upstream guy with muddy base, but flow only some way dow
before forming small intermittent stream. Small flow from beneat|
rocks. May be contaminated by leaf litter and pollution.

12 | Cc¢ Spring, from Coal C¢ Substantial flow from plastigipe, visibly clear of algal growth.

plastic pipe Measures | Reported spring flow, but may be surface flowing above this. Ma
be soil water also. May be contaminated by pipe and urban rechi
and gardens.

13 | A¢lssue, from Coal A ¢ Small flow from beneath sandstone type rocks onto clayey s¢
pool Measures | forming small shallow gully that soon sinks. Sample from pool th

B¢ Issue, from
pool

was refreshed, but possibly long residence time and sediment. L|
to be groundwater, but unusual position suggests ddut mains
leakage or field drainage, or mixed with soil water and surface
runoff. May be contaminated by park drainage and chemicals.
B¢ Same as above, but from part of pool that had apparently
uprising water.
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Figurel6 Sitemap of springwater sample locatisand geologygroups

4.2.2 Tapwater characterisation sampling programme
{KSTTASERQa RNAY{AYy3I 4l GSNI) adzllLlt @ ySGig2N] Aa
Supply Zones (WSZ), which each represent a different blemabotes waters. Most water is

sourced from reservoirs on the Peak District in Millstone Grit geology, but is blended with

AYLER2NISR 6F0SNAR FNRBY 20KSNJ LI NI&a 2F , 2N] AaKANS

Twenty one samples of domestic tapwaters were taken from across Steffmlering all
WSZsRigure17). Samples were taken on the13uly 2012 by volunteers at their homes
and delivered to the laboratory in the morning. They were instructed in sample collection

from their kitchen tap basedn published guidancéBartram and Ballance 1996
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Figurel7 Site map of tapwater sample locations and Water Supply Zones (WSZs).

Volunteers recorded the property postcode (to map the sample and identify the local WSZ),
property typeand age, the time sampled, time received at the laboratory, and any problems

encountered. Samples were analysed for pH, and refrigerated for later analysis within one

week.

4.2.3 Sewer capture sampling programme

Site selection

There are numerous streams and springs in Sheffield that, according to multiple lines of

evidence, have been captured into the combined sewers (Chapter 3). FivéRNe$SR, HB,
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CV, BSyere chosen for this studfdetailed inFigures 182). These sitesvere selected as
being the most confident examples of capture from all the possible capture sites, i.e. with
strong and convincing evidence that a lost stream or spring was entering the combined
sewer, and in most cases that could be verified in the fi€lte second consideration was
that a range of capture types be tested: straightforward capture where aligdts may

be easily sampled; or where the evidence for lost streams or springs is convincing but where
the endpoints are unavailable to sampley @ne case where capture is unlikely to be
occurring. The third key consideration was the location of sample sites; after the first week
focusing solely on site PW (to develop confidence in field methods and allow contingency
for problems), sites were paid in the following sampling weeks, and needed to be close
enough to drive quickly between points to enable samples to be taken within the time
periods. A fourth important consideration was the availability of sampling points at each site
¢ an exploratoryfield visit confirmed that manholes were able to be lifted in all desired
locations and that these would not require road closures due to manhole positions. This
final point primarily influenced the choice of sampling points at each site, rather than the

choice of sites themselves.

Some capture sites (PW, CV, HB) are discrete inflows where a stream is intercepted by a

combined sewer, and connectivity can be confidently confirmed visually or by dye testing.

At site SR, evidence suggests capture is by ¢diivd 2y o6 gl G SNO2dzNES KI &

by a combined sewer) and direct spring capture (deliberate drainage of springs into
combined sewers); as discrete inflows are not clearly identifiable, thepemt chemistries

of inflowing captured water cannot beasily determined. At site BS there is no evidence of
capture, but one sample point could contain infiltratiorflow, and this site therefore

represents a control.

Between two and four sampling points were identified for each of the five sites, typicall
including the combined sewer upstream and downstream of the suspected watercourse
inflow, and the watercourse inflow itself. The sample points were chosen to be able to
characterise the wastewater and captured water guaints individually, but this wasot
always possible as locations were heavily constrained by accessibility of marBioigle.

spot samples were taken at discretion from other points of interest at each site
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For each site, predictions are made from the local tapwater and springwatieithe
expected water types in the sewer$able9). The table also summarises the niginte
minimum flow (as % of daily average flowlerived from data supplied byorkshire Water

of a network flow monitoring programme, using a dry weather flow period in 2011. The
nighttime minimum baseflow, where wastewater inputs are at their minimum, is attributed
to infiltration-inflow (this could also be stream and spring eaptwhere relevant) and thus

elevated values suggest a greater input of this water.
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Figure18 Sewer capture sample location map and pictures for site PW. A small watercourse rises from a spring in a park, formrsamplenpoint X, inset photographs), then flows into a

sewer designated for surface water but which is actually a sewerised watseoThis is intercepted by a combined sewer, and samples are taken from the manhole at this junction (inset
photograph). A upstream combined sewer (possibly containing mains leakage flooyddBvnstream combined sewer (after inflow of captured wate€); watercourse inflow (captured

water, but possibly receiving sewer misconnections).
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- Surface water
Figurel9 Sewer capture sample location map and pictures for site SR. Evidence shows numerous lost springs in this area, with Bpaicdiguahing along a valley centreline. Historic maps
show a lost watercourse further downstream.cAipstream sewer, lampholeexpected above most spring capture)c Bniddle sewerg lamphole (expected after most spring capture) C

downstream sewer (expected location of former watercourse converted to a sewer, inset photograph).
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Figure20 Sewer captte sample location map and pictures for site HB. A lost watercourse rises from historic springs flows in sewer desigeatéatéowater but which is actually a
sewerised watercourse. It becomes a combined sewer, but appears not to receive wastevpatisrimmediately. A watercourse sewer upstream of capture (inset photography, B
downstream sewer after capture.
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Reservoir outfall into combined sewer
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Figure21 Sewer capturesample location map and pictures for site CV. A reservoir lies in a valley that artaéed an historic watercourse, route shown from old maps, which has been
converted into a combined sewer. A watercourse or spring inflow still flows into the reservoir. The reservoir outfapl{otsgraph) flows to the combined sewer.cAupstream sever,
before capture. B; reservoir outfall, before capture. Cdownstream sewer, after capture.Qpen reservoir water.
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Figure22 Sewer capturesample location map and pictures for site BS. Despite some possible lost sireéimesarea, there is no evidence of capturecAnain combined sewer, larger
wastewater catchment displaying elevated nigimie minimum flow according to flow data.@side combined sewer, smaller receiving catchment.
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