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A B S T R A C T   

Mitigating NO3
− pollution requires an understanding of the hydrological processes controlling contaminant 

mobilisation and transport, particularly in agricultural catchments underlain by Pleistocene glacial deposits. 
Focusing on the Wensum catchment in East Anglia, UK, precipitation (n = 20), stream water (n = 50), field 
drainage (n = 22) and groundwater (n = 84) samples collected between February–March 2011 and April–Sep
tember 2012 were variously analysed for water stable isotopes (δ2HH2O and δ18OH2O), the dual-isotopes of NO3

−

(δ15NNO3 and δ18ONO3), groundwater residence time indicators (CFCs and SF6) and hydrochemical parameters. 
The residence time indicators suggested a component of modern (post-1960) groundwater throughout the 
sequence of glacial deposits that corresponds with the penetration of agricultural NO3

− . Denitrification and lower 
NO3

− concentrations (<8 mg L− 1) are observed in the glacial tills, compared with higher NO3
− concentrations 

(<90 mg L− 1) observed under more oxidising conditions in the glacial sands and gravels. Storm hydrograph 
separation for two storms in April and September 2012 using two- and three-component mixing models showed a 
faster response with field drainage (36–38 %) and baseflow (5–37 %) contributing to the total stream discharge 
in areas of clay loam soils over glacial tills. In these areas, the dual stable isotopes of NO3

− (δ15NNO3 = +11.8 ‰ 
and δ18ONO3 = +7.1 ‰) indicated a denitrified source of nitrogen from field drainage and groundwater. In 
comparison, a dampened response and a higher percentage of baseflow (29–80 %) was observed in areas of sandy 
clay loam soils over glacial sands and gravels. In these areas, mean NO3

− isotopic signatures (δ15NNO3 = +7.8 ‰ 
and δ18ONO3 = +5.0 ‰) indicated a source of nitrified NH4

+. In conclusion, understanding hydrological processes 
in catchments underlain by variable glacial deposits can inform nutrient management plans and cultivation 
practices to reduce the risk of agricultural NO3

− contamination.   

1. Introduction 

Potential contaminants such as inorganic and organic fertilisers, 
pesticides and veterinary products used in agriculture can reach 
groundwater along diffuse pathways via direct infiltration or as more 
focused point source runoff (Burri et al., 2019; Gros et al., 2021; Warrack 
et al., 2022; Bradley et al., 2023; Cui et al., 2023). Specifically, the large 
increase in global nitrogen production and use has improved global food 
security but with detrimental impacts on greenhouse gas emissions (Gao 
and Cabrera Serrenho, 2023), human health (Wolfe and Patz, 2002; 
Patel et al., 2022) and the environment (Kopáček et al., 2013; Webster 

et al., 2021; Yuan et al., 2023). Elevated levels of reactive nitrogen cause 
eutrophication, hypoxia events, loss of biodiversity and habitat degra
dation in freshwater and coastal ecosystems (Steffen et al., 2015; 
Wurtsbaugh et al., 2019; Sekar et al., 2022; Zhang et al., 2022). 

Achieving reductions in agricultural pollution within river basins 
requires changes in land management and the implementation of miti
gation measures to tackle the principal reasons for water quality failure 
(Hiscock et al., 2023). Underpinning the design of effective pollution 
mitigation strategies is an understanding of the hydrological functioning 
of catchments, particularly in relation to the way in which catchments 
store, mix and release water and the dynamics of pollutant mobilisation 
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and transport under a range of hydrometeorological and hydro
geological conditions (Cooper et al., 2018; Peskett et al., 2023). 

Catchments with underlying glacial deposits are important hydro
geological environments that often support productive agricultural re
gions, particularly in the northern latitudes of North America, northern 
Europe and Scandinavia that experienced widespread glaciation 
throughout the Pleistocene Epoch (Kehew and Teller, 1994; Houmark- 
Nielsen, 2010; Ferris et al., 2020). As a result of repeated cycles of 
glacial advance followed by glacial retreat and warmer interglacial pe
riods, glacial deposits are characterised by heterogeneous sedimentary 
assemblages with a wide range of hydraulic properties and variable 
lateral extent (Ferris et al., 2020). 

The heterogeneity of glacial deposits is a challenge in catchment 
management given the complex patterns of groundwater flow that 
impact groundwater and surface water interactions (Fleckenstein et al., 
2006; Kawo et al., 2023). Often, glacial deposits are composed of clay- 
rich tills that form aquitard units, an understanding of which is neces
sary in the context of a variety of catchment processes (van der Kamp, 
2001; Cuthbert et al., 2010; Hendry et al., 2016; Neuzil, 2019). Previous 
research has shown that glacial tills commonly exhibit hydraulically 
conductive fracture networks, embedded sand and gravel lenses and 
extensive weathering of the near-surface deposits (Hiscock and Taba
tabai Najafi, 2011; Kessler et al., 2012, 2013; Ferris et al., 2020). Hence, 
a better understanding of local glacial geology and how it impacts the 
spatial variability of subsurface characteristics will enable the imple
mentation of more targeted catchment management practices (Best 
et al., 2015). 

The aim of this research is to examine the role of Pleistocene glacial 
deposits in influencing the partitioning of runoff and agricultural NO3

− in 
surface water and groundwater in the Wensum catchment in Norfolk, 
East Anglia. Two methodological approaches are employed: (i) analysis 
of stable isotopes (δ2HH2O and δ18OH2O), residence time indicators and 
hydrochemical data for different components of the hydrological system 
(precipitation, field drainage, pore water and pumped groundwater 
from the glacial deposits, and groundwater from the underlying Chalk 
aquifer); and (ii) storm hydrograph analysis of stream discharge using 
stable isotopes, including the dual-isotopes of NO3

− (δ15NNO3 and 
δ18ONO3), and corroborating hydrochemical data. The research pre
sented here is applicable to other agricultural regions underlain by 
Pleistocene glacial deposits and is intended to inform catchment man
agement practices to reduce the water quality impact and economic cost 
of agricultural NO3

− contamination (Sutton et al., 2021; Garcia- 
Hernandez et al., 2022; Cooper and Hiscock, 2023; Husic et al., 2023). 

2. Study area and experimental methods 

2.1. Study area 

The River Wensum is a 78 km long, lowland calcareous river in 
Norfolk with a catchment area of 660 km2 (52o47′09″N, 01o07′00″E) 
(Fig. 1) and mean annual discharge of 4.1 m3/s near its outlet (UKCEH, 
2023). Annual baseflow indices (BFI) range from 0.75 in the lower part 
of the catchment where the underlying Cretaceous Chalk aquifer is 
confined by superficial Pleistocene glacial deposits, to 0.82 in the upper 

Fig. 1. Spatial variability in bedrock geology (BGS; GSI3D model), superficial geology (BGS; GSI3D model), land use (LCM2015; Rowland et al., 2017) and soil type 
(LandIS; Cranfield Soil and Agrifood Institute Soilscapes) across the Blackwater Drain sub-catchment of the River Wensum, UK. Also shown are the positions of the 
field monitoring infrastructure and mini-catchment boundaries. Geological maps reproduced with the permission of the British Geological Survey, ©UKRI. Based 
upon Land Cover Map 2015 © UKCEH 2017. Contains Ordnance Survey data © Crown Copyright 2007, Licence number 100017572. . 
Adapted from Cooper et al. (2018) 
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part of the catchment where the Chalk outcrops. The area experiences a 
temperate maritime climate, with a mean annual temperature of 10.5 ◦C 
and a mean annual precipitation total of 684 mm (1991–2020) (Mete
orological Office, 2023). 

The Wensum catchment is divided into several sub-catchments, 
including the 19.7 km2 Blackwater Drain that is the focus of this study 
(Fig. 1). For monitoring purposes, this sub-catchment is further divided 
into mini-catchments A–F. Mini-catchments A (5.38 km2) and B (1.34 
km2) drain the western area of the sub-catchment and mini-catchments 
C (3.52 km2) and D (6.61 km2) the northern and eastern areas. Mini- 
catchment E monitors higher-order stream flow downstream of mini- 
catchments A and B. The total flow from the sub-catchment is moni
tored at Site F with BFI values in the range 0.69–0.74 for the hydro
logical years 2012–2014 (Outram et al., 2016). Land use in the 
Blackwater sub-catchment is predominantly arable (75 %), with some 
improved grassland and fresh water (13 %), mixed woodland (10 %) and 
rural settlements (2 %) (Rowland et al., 2017). 

The bedrock geology in the Blackwater sub-catchment is Cretaceous 
Chalk (>20 m thickness) and Pleistocene Wroxham Crag (sand and 
gravel; 0–23.5 m thickness) overlain by a variable succession of super
ficial deposits comprising Mid-Pleistocene chalky, flint-rich, argilla
ceous glacial tills of the Sheringham Cliffs Formation (Bacton Green Till 
Member; 22 m maximum thickness) and Lowestoft Formation (Low
estoft Till Member; 38 m maximum thickness), with interdigitated bands 
of glaciofluvial and glaciolacustrine sands and gravels (Lewis, 2014; 
Cooper et al., 2018). Soils developed on the glacial deposits are pre
dominantly clay loam to sandy clay loam (<0.5 m depth) of the argillic 
brown earths (Freckenham series) and stagnogley (Beccles series) 
groups which, together with the argillaceous tills, result in moderately 
impeded drainage conditions. 

The western part of the Blackwater sub-catchment is underlain by 
glacial tills and clay-rich, poorly draining soils. Much of this area is 
extensively under-drained by a dense network of agricultural tile drains 
(43 km− 1) installed at depths of 100–160 cm below ground level (bgl). 
Measured drain discharges are typically < 0.2 L/s, although can be as 

high as 10 L/s during the winter and dry up entirely during the summer 
(June–September), with discharge also varying greatly depending upon 
depth, catchment area and antecedent moisture conditions (Hama-Aziz 
et al., 2017). The eastern part of the sub-catchment is underlain by 
glacial sands and gravels that are more freely draining with well drained 
sandy loam soils. The mean slope in the sub-catchment is 1.2◦ with 
minimum and maximum elevations of 25.3 and 70.2 m above sea level, 
respectively. 

2.2. Field methods 

At the six Blackwater monitoring stations (Sites A–F), bankside sta
tions were installed for the purpose of water sampling and river water 
quality monitoring. River stage at each monitoring station was 
measured using pressure transducers housed in stilling wells (Impress 
IMSL Submersible Level Transmitter) and converted into river discharge 
via stage-discharge rating curves constructed from manual flow gauging 
with an open-channel EM flow meter (Outram et al., 2014, 2016). Pre
cipitation amount was recorded at locations distributed across the study 
area (Fig. 1) using Casella tipping bucket rain gauges, with a resolution 
of 0.2 mm depth of water. 

Storm event sampling of surface waters at monitoring stations A and 
D was undertaken using Teledyne ISCO automatic water samplers pro
grammed to collect 1 L samples at hourly intervals. Samples were 
retrieved from the field the following day to avoid evaporation affecting 
samples for stable isotope analysis. Precipitation samples were collected 
every three to four days using a standard rain gauge located at moni
toring station E (gauge RG3), with the gauge completely emptied and 
dried prior to redeployment. Samples were decanted from the ISCO 
samplers and rain gauge into 50 mL HDPE bottles and returned to cold 
storage prior to analysis. 

Grab samples from field drain outflows (see Fig. 1 for locations) were 
collected in 1 L polypropylene bottles and returned to the laboratory for 
analysis. Groundwater samples from the two borehole installations at 
Merrison’s Lane (‘Site A’ located 875 m southwest of the monitoring 

Table 1 
Completion details for the Merrison’s Lane (Site A) and Park Farm (Site F) groundwater monitoring borehole installations, including depth of water strikes recorded 
during drilling and groundwater levels in May 2012.  

Borehole 
ID 

British Grid Reference 
(TG) 

Flange top 
elevation 
(m OD) 

Depth 
(m) 

Internal 
diameter 
(mm) 

Slotted 
casing 
(m) 

Depth of water 
strike 
(m) 

Water level 01/ 
05/12 
(m OD) 

Completed in 

Merrison’s Lane (Site A)       
A4 10369 25018  42.98  4.00 50 1.0–3.6 –  42.41 Bacton Green Till Member 

(chalk-clasts in a clay/silt 
matrix)          

A3 10384 25011  43.17  12.02 50 5.0–12.0 4.8  41.18 Sheringham Cliffs 
Formation 
(glacial sands)          

A2 10373 25015  43.00  15.26 50 12.3–15.3 4.5, 14.7  41.50 Lowestoft Till Member 
(chalk clasts in a clay/silt 
matrix)          

A1 10379 25017  43.17  46.53 74 25.0–50.0 5.1, 16.3, 21.5  39.90 Chalk         

Park Farm (Site F)       
F4 12071 24185  39.12  6.38 50 1.3–6.0 4.7  33.28 Briton’s Lane Formation 

(sand and gravel)          

F3 12081 24191  39.34  10.13 74 8.0–10.0 4.8  32.19 Sheringham Cliffs 
Formation 
(glacial sands)          

F2 12079 24200  39.40  16.41 50 12.5–16.5 5.1  31.46 Happisburgh Formation 
(sand and gravel)          

F1 12073 24190  39.23  44.63 74 24.1–47.7 4.8, 11.6, 17.2  31.34 Chalk           
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station in mini-catchment A) and Park Farm (‘Site F’ located 600 m 
southwest of the monitoring station at the sub-catchment outlet) (Fig. 1) 
were obtained using either a peristaltic or submersible electrical pump 
depending on the rate of groundwater inflow. 

Four boreholes were drilled in February and March 2011 at each of 
the Merrison’s Lane (Site A) and Park Farm (Site F) locations by 
percussive drilling with a shell and auger rig and included a deep 
borehole (c. 50 m depth) into the Cretaceous Chalk and three shallower 
boreholes (c. 6, 12 and 15 m depths) in the overlying glacial deposits 
(Lewis, 2014). The two deepest boreholes into the superficial deposits 
(boreholes A2 and F2) were cored for lithological logging and pore 
water extraction. During drilling, 100 mm (U100 or U4) diameter core 
samples with a nominal length of 0.5 m were taken. Details of the 
completed boreholes including location references, lithology, drilled 
depth, depth intervals of slotted casing, depth of water strikes and 
example water levels are given in Table 1. Details of the centrifugation 
and mechanical squeezing methods used for pore water extraction from 
the core samples are given in the Supplementary Material (SM). 

Groundwater samples were collected in September 2011 shortly after 
the boreholes had been developed by pumping, except for borehole F4 
that could not be developed sufficiently to provide a yield of water. In 
addition to the borehole sampling at Sites A and F, a further Chalk 
groundwater sample was collected in September 2011 from Salle 
Pumping Station located 550 m east of Park Farm (Site F) (Fig. 1). A 
second round of pumped groundwater samples was collected in June 
2012 in the same field season as the field drain survey and surface water 
sampling. Groundwater samples for CFC and SF6 analysis were collected 
unfiltered and without atmospheric contact in glass bottles contained 
within metal cans by the displacement method of Oster et al. (1996). 
This method ensures that the sample is protected from possible atmo
spheric contamination by a jacket of the same water (Gooddy et al., 
2006). 

2.3. Laboratory methods 

2.3.1. Hydrochemical analyses 
Surface water and pumped groundwater samples were analysed by 

the Science Analytical Facilities at the University of East Anglia (UEA), 
Norwich and the Analytical Geochemistry Laboratory at the British 
Geological Survey (BGS), Keyworth to determine concentrations of 

nutrients and major ions using standard analytical methods. Details of 
the analytical methods and detection limits are given in the SM. 

2.3.2. Water stable isotopes 
Measurement of δ18OH2O and δ2HH2O by the UEA Stable Isotope 

Laboratory used a Picarro L1102–i liquid water isotope analyser with a 
precision of ±0.25 ‰ for δ18OH2O and ±2 ‰ for δ2HH2O. Additional 
stable isotope analysis of pore water and groundwater samples from the 
two borehole installations at Sites A and F were undertaken in the Stable 
Isotope Laboratory at BGS, Wallingford using an Optima dual inlet 
isotope ratio mass spectrometer with a precision of ±0.1 ‰ for δ18OH2O 
and ±1 ‰ for δ2HH2O. Details of the standards used for the water stable 
isotope analysis are given in the SM. 

2.3.3. Dual stable isotopes of nitrate 
Measurement of the dual stable isotopes of NO3

− (δ15NNO3 and 
δ18ONO3) in the UEA Stable Isotope Laboratory followed the well- 
established denitrifier method (Sigman et al., 2001; Casciotti et al., 
2002) and analysis on a Europa Geo 20:20 GC-IRMS with a TG II prep 
system with a mean measurement error of ±0.2 ‰ for δ15NNO3 and 
±0.4 ‰ for δ18ONO3. The standards used for the analysis of the dual 
stable isotopes of NO3

− are given in the SM. 

2.3.4. Residence time indicators 
Residence time indicators (CFC-11, CFC-12 and SF6) were analysed 

at BGS, Wallingford by gas chromatography with an electron capture 
detector after pre-concentration by cryogenic methods, based on the 
procedures of Oster et al. (1996) and Busenberg and Plummer (2000). 
The detection limit of CFC-11 and CFC-12 concentrations in water was 
0.01 pmol/L, and for SF6 was 0.1 fmol L− 1. 

2.4. Hydrograph separation 

Isotopic and chemical hydrograph separation techniques have been 
widely applied to determine stream flow components in various catch
ments under different environmental conditions (Ogunkoya and Jen
kins, 1991; Durand et al., 1993; Ladouche et al., 2001; Williams and 
McAfee, 2021; Gospodyn et al., 2023). The technique is based on a two 
or three-component mixing model representing conservation of mass 
describing the amount of water and environmental tracers from pre
cipitation (surface runoff or event water) and groundwater (pre-event 
water) in the stream hydrograph of the event. The mass balance equa
tions describing two- and three-component stream water mixing are 
given in the SM. 

In this study, δ18OH2O is used as an environmental tracer to explore 
the partitioning of stream flow components during a storm event in April 
2012. A two-component mixing model is used to examine the hydro
logical response in mini-catchment D. Given the presence of field 
drainage in mini-catchment A, a three-component mixing model is 
applied with δ18OH2O and NO3

− chosen as the two environmental tracers. 
Although NO3

− is not a conservative parameter, both NO3
− and δ18OH2O 

are chemically distinguishable and demonstrate contrasting end- 
member components suitable for application in the mixing model. In 
addition, a second storm event in September 2012 was sampled for the 
stable isotopes of NO3

− to investigate sources and processes affecting 
NO3

− in stream discharge. For this event, given that the field drains were 
not running at the end of the summer baseflow recession period, a two- 
component mixing model is used with SO4

2− as the tracer to examine the 
hydrological response in both mini-catchments A and D. For both storm 
events, Cl− was found to be an unsuitable tracer due to elevated surface 
water concentrations, possibly due to an additional non-agricultural 
source such as road runoff, as found for fluvial sediment sources 
(Cooper et al., 2015a). 

Fig. 2. δ2HH2O versus δ18OH2O relationship for precipitation collected from 
April–June 2012 in the Blackwater sub-catchment showing the Local Water 
Meteoric Line (LMWL): δ2HH2O = 7.76 δ18OH2O + 7.87. See also Table 2 for 
mean and weighted mean values of the water stable isotopes. Shading around 
the linear regression line is the 95 % confidence interval and the red square 
represents the volume-weighted mean isotopic composition of sampled pre
cipitation. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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Table 2 
Stable isotope and hydrochemical data for the Blackwater sub-catchment collected in February–March 2011, September 2011 and April–June 2012. The locations of the rain gauge, field drains in mini-catchment A, and 
the Merrison’s Lane (Site A), Park Farm (Site F) and Salle Pumping Station (PS) boreholes are shown in Fig. 1. Electrical conductivity measurements are adjusted to 25 ◦C. Pumped groundwater samples are shown as 
collected at the mid-point of the slotted casing intervals in metres below ground level (m bgl).  

Sample type Sample ID Date Measurement δ18OH2O 

(‰) 
δ2HH2O 

(‰) 
Conductivity 
(μS cm− 1) 

HCO3
−

(mg L− 1) 
Cl−

(mg L− 1) 
NO3

−

(mg L− 1) 
SO4

2−

(mg L− 1) 
PO4

2−

(μg L− 1) 

Precipitation 
(n = 20) 

RG3 03/04/12–16/06/12 Mean (1σ) − 6.18 (2.39) − 40.0 (18.7)   3.49 (2.17) 0.73 (0.51) 2.22 (1.25)  
Wt. mean − 6.81 − 45.2 – – 3.16 0.75 2.01 – 
Min − 10.91 − 79.1 – – 0.95 0.25 0.70 – 
Max − 0.66 2.5 – – 7.96 1.92 5.69 – 

Field drains: 
Mini-catchment A 
(n = 22) 

A 30/04/12–01/05/12 Mean (1σ) − 6.95 (0.20) − 45.6 (2.6) 414 (95) 339 (78) 54.5 (22.7) 67.9 (54.3) 41.8 (22.0) 97 (233) 
Median − 6.93 − 45.1 444 354 60.9 45.8 36.1 11 
Min − 7.47 − 56.2 78 65 11.0 7.8 5.6 2 
Max − 6.60 − 42.7 528 464 91.9 202 102 1051 

Pore water:  

Site A 
(n = 35)  

Site F 
(n = 33) 

A 02–03/11 Mean (1σ) − 7.20 (0.31) − 47.9 (2.1) – 214 (109) 48.8 (25.7) 2.41 (2.68) 69.2 (45.4) – 
Median − 7.11 − 47.6 – 194 48.0 0.69 58.0 – 
Min − 7.89 − 52.8 – 75 14.0 <0.02 7.1 <100 
Max − 6.62 − 43.6 – 446 117.2 7.88 183.0 211 

F 02–03/11 Mean (1σ) − 7.38 (0.34) − 49.1 (2.2) – 166 (109) 39.5 (18.6) 30.3 (30.9) 59.4 (36.1) – 
Median − 7.34 − 49.2 – 179 32.1 15.6 56.9 – 
Min − 8.22 − 54.1 – 5 16.6 1.3 10.4 <100 
Max − 6.72 − 44.1 – 381 80.4 92.3 121.0 251 

Pumped groundwater:  

Site A 
(n = 8)  

Site F 
(n = 7)  

Salle PS 
(n = 1) 

A4 8–9/09/11 2.3 m bgl − 7.38 − 49.9 941 469 29.8 <0.02 101 <100 
A3 8–9/09/11 8.5 m bgl − 7.10 − 46.5 785 405 30.1 1.31 54.1 <100 
A2 8–9/09/11 13.8 m bgl − 7.22 − 47.4 945 432 62.3 0.26 44.2 <100 
A1 (Chalk) 8–9/09/11 37.5 m bgl − 7.17 − 45.6 754 367 36.2 0.07 37.4 <100 
F3 8–9/09/11 9.0 m bgl − 7.50 − 49.2 747 344 14.3 65.2 32.3 <200 
F2 8–9/09/11 14.5 m bgl − 7.87 − 51.1 1027 382 79.2 30.9 91.7 <100 
F1 (Chalk) 8–9/09/11 35.9 m bgl − 7.56 − 48.2 799 394 42.6 0.08 41.1 <100 
A4 19/06/12 2.3 m bgl − 7.85 − 50.9 487 550 20.8 0.13 47.3 51 
A3 18/06/12 8.5 m bgl − 7.27 − 47.0 432 412 25.1 0.71 45.1 6 
A2 18/06/12 13.8 m bgl − 7.35 − 48.4 385 519 17.1 <0.01 43.6 31 
A1 (Chalk) 18/06/12 37.5 m bgl − 7.50 − 49.6 376 415 31.2 0.53 28.3 59 
F4 19/06/12 3.7 m bgl − 7.36 − 46.3 325 281 11.0 45.1 42.8 56 
F3 19/06/12 9.0 m bgl − 7.50 − 49.5 504 364 11.5 53.9 26.1 18 
F2 19/06/12 14.5 m bgl − 7.54 − 49.2 504 384 61.2 31.5 79.7 12 
F1 (Chalk) 19/06/12 35.9 m bgl − 7.53 − 47.7 381 392 33.4 <0.01 22.7 53 
Salle PWS (Chalk) 08/09/11 49.3 m bgl − 7.43 − 50.4 906 302 73.5 27.6 98.6 <100  
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3. Results and discussion 

3.1. Water stable isotope data 

Fig. 2 shows the δ2HH2O versus δ18OH2O relationship for precipitation 
collected during the warmer spring/summer months of April–June 
2012, with the variation in values reflecting temperature effects on both 
the condensation and isotopic fractionation of meteoric water. The 
linear regression equation (δ2HH2O = 7.76 δ18OH2O + 7.87) represents 
the Local Meteoric Water Line (LMWL) and is comparable to the Global 
Meteoric Water Line (GMWL) (δ2HH2O = 8 δ18OH2O + 10) (Craig, 1961). 
In the interpretation of groundwater isotopic compositions, the volume- 
weighted mean isotopic composition of precipitation is taken to 

represent the isotopic signature of the seasonal recharge, with values of 
δ18OH2O = − 6.8 ‰ and δ2HH2O = − 45 ‰ obtained for this study 
(Table 2). These values compare with isotopically more depleted com
positions of δ18OH2O = − 7.2 ‰ and δ2HH2O = − 48 ‰ for the volume- 
weighted mean isotopic composition of cooler, winter precipitation for 
the hydrological year 1995–1996 obtained by George (1998) for a rain 
gauge at the nearby Salle Pumping Station. 

Stable isotope data for precipitation, field drainage, pore water and 
pumped groundwater samples collected in the Blackwater sub- 
catchment in September 2011 and April–June 2012 are presented in 
Table 2 and Fig. 3. The δ18OH2O compositional ranges for field drainage 
(− 7.5 to − 6.6 ‰) and pumped groundwater from Merrison’s Lane (Site 
A) (− 7.9 to − 7.3 ‰) (Fig. 3a) represent two statistically different groups 

Fig. 3. δ2HH2O versus δ18OH2O relationship for: (a) field drainage, pumped groundwater and pore water obtained for mini-catchment A and Merrison’s Lane (Site A) 
boreholes; and (b) pumped groundwater and pore water obtained for Park Farm (Site F) boreholes. Also shown are the Global Meteoric Water Line (GMWL) (δ2HH2O 
= 8 δ18OH2O + 10) and Local Water Meteoric Line (LWML) (δ2HH2O = 7.76 δ18OH2O + 7.87). The red square represents the volume-weighted mean isotopic 
composition of sampled precipitation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Vertical stable isotope and hydrochemical profiles for pore waters extracted from glacial deposits at Site A (Merrison’s Lane borehole A2). See Fig. 1 for 
borehole location. Geological nomenclature: SCF, Sheringham Cliffs Formation; BGTM, Bacton Green Till Member; LF, Lowestoft Formation; LTM, Lowestoft Till 
Member. Based on Lewis (2014) © Crown copyright and database rights 2014. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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(two-sample t-test p value = 0.001). The less depleted field drainage 
values are centred on the volume-weighted mean isotopic composition 
of the spring/summer precipitation (δ18OH2O = − 6.8 ‰) at the time of 
sampling, and the more depleted groundwaters are coincident with the 
isotopic composition of winter precipitation (δ18OH2O = − 7.2 ‰). Field 
drainage is not present in mini-catchment D and the pumped ground
water samples from Park Farm (Site F) have a narrower compositional 
range (δ18OH2O = − 7.5 to − 7.4 ‰) (Fig. 3b) compared with the pumped 
groundwater samples measured at Site A. 

Combining the pumped glacial deposits groundwater data from 
September 2011 and June 2012 for Site A gives a mean δ18OH2O value of 
− 7.4 ‰ that is slightly depleted, although not significantly (p > 0.1), 
compared to the mean δ18OH2O value of − 7.2 ‰ for pore waters 
extracted at this site. For pumped glacial deposits groundwater at Site F, 
a mean δ18OH2O value of − 7.5 ‰ is slightly depleted, but again not 
significantly (p > 0.1), compared to the mean δ18OH2O value of − 7.4 ‰ 
for the pore waters at this site. 

The five samples from the underlying Chalk aquifer, with a range in 
δ18OH2O values of − 7.6 to − 7.2 ‰, have a similar isotopic composition 
as the pumped groundwater in the overlying glacial deposits (δ18OH2O =

− 7.9 to − 7.1 ‰). The mean δ18OH2O values for the Chalk and pumped 
glacial deposits groundwater are the same at − 7.4 ‰ and are not sta
tistically different (p > 0.1). Compared with the mean δ18OH2O value of 
pore waters in the glacial deposits (− 7.3 ‰), the Chalk groundwater is 
again not statistically different (p > 0.1). Together, the evidence sup
ports the conceptual understanding that the superficial glacial deposits 
and Chalk aquifer are hydraulically connected as an aquifer system 
(Hiscock, 1993). Overall, the dataset shows that the isotopic 

Fig. 5. Vertical stable isotope and hydrochemical profiles for pore waters extracted from glacial deposits at Site F (Park Farm borehole F2). See Fig. 1 for borehole 
location. Geological nomenclature: BLF, Briton’s Lane Formation; SCF, Sheringham Cliffs Formation; BGTM, Bacton Green Till Member; LF, Lowestoft Formation; HF, 
Happisburgh Formation; HTM, Happisburgh Till Member. Based on Lewis (2014) © Crown copyright and database rights 2014. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Concentrations of CFC and SF6 residence time indicators for pumped groundwater samples in September 2011, fractions of CFC and SF6 concentrations in samples 
relative to modern air-equilibrated water concentrations at 10 ◦C, and calculated year of recharge.  

Sample ID Concentration Modern fraction Year of recharge  

CFC-12 
(pmol/L) 

CFC-11 
(pmol/L) 

SF6 

(fmol L− 1) 
CFC-12 CFC-11 SF6 CFC-12 CFC-11 SF6 

A1  0.19  0.39  0.00  0.06  0.08  0.00 1960 1963 Pre-1975 
A2  0.66  1.01  0.00  0.23  0.20  0.00 1969 1969 Pre-1975 
A3  0.37  0.61  0.64  0.13  0.12  0.23 1965 1966 1986 
F1  0.18  0.34  0.00  0.06  0.07  0.00 1960 1962 Pre-1975 
F2  1.45  3.18  0.59  0.49  0.62  0.21 1977 1978 1985 
F3  1.01  1.13  1.00  0.34  0.22  0.36 1973 1969 1990  

Fig. 6. CFC-12 and SF6 pumped groundwater concentrations overlaid on the 
ideal mixing model curves for groundwater at 10 ◦C. Labelled dates are the 
groundwater age at that point on the curve. The three mixing models shown 
include exponential mixing (EMM), binary mixing (BMM) and piston 
flow (PFM). 
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composition of groundwaters in this study compares with a contoured 
δ18OH2O value of − 7.5 ‰ (±0.5 ‰) for northern East Anglia presented 
by Darling et al. (2003) for recent (within the Holocene, 0–10 ka) 
groundwaters of the British Isles. 

Pore water samples recovered from the glacial deposits at boreholes 
A2 and F2 demonstrate a wide range of values (δ18OH2O = − 8.2 to − 6.6 
‰) that, in the case of Merrison’s Lane (Site A), encompass both the field 
drainage (which is significantly different to the pore waters from bore
hole A2, p = 0.001) and pumped groundwater samples (Fig. 3a). The 
range of pore water values from boreholes A2 and F2 is similar to that 
obtained for pore waters in lodgement till in the adjacent River Bure 
catchment (δ18OH2O = − 8.1 to − 6.5 ‰; Hiscock et al., 2011). A linear 
regression of all pore water isotopic values for the Blackwater sub- 
catchment (see Fig. S1 in the SM) yields the relationship δ2HH2O =

4.65 δ18OH2O – 14.63 (R2 = 0.50), consistent with the relationship 
δ2HH2O = 4.93 δ18OH2O – 17.34 (R2 = 0.76) for pore waters extracted 
from two cored boreholes in Lowestoft Till at Morley and Cowlinge 
located, respectively, 35 km and 80 km to the southwest of the current 
study area in East Anglia (Hiscock and Tabatabai Najafi, 2011). 

The pore water stable isotope profile for borehole A2 (Merrison’s 
Lane; Fig. 4) is generally consistent from 4 m bgl, representative of 
longer-term groundwater recharge. δ18OH2O values in the range − 7.5 to 
− 7.0 ‰ and δ2HH2O from − 49 to − 47 ‰ are indicative of recharge under 
current climatic conditions (δ18OH2O = − 7.2 ‰ and δ2HH2O = − 48 ‰; 
George, 1998) within the silty clay and sand deposits that comprise the 
Sheringham Cliffs and Lowestoft Formations at this site. Above this 
depth, stable isotope values in the weathered Bacton Green Till Member 
are more depleted (δ18OH2O < − 7.5 ‰ and δ2HH2O < − 50 ‰) and 
correspond to the pumped groundwater values (δ18OH2O = − 7.9 ‰ and 
δ2HH2O = − 51 ‰) measured in borehole A4 over a slotted casing in
terval of 1.0–3.6 m bgl. A similar observation occurs at a depth interval 
of 11.5–12.0 m bgl within the low-permeability Lowestoft Till Member 
with stable isotope values of δ18OH2O = − 7.6 ‰ and δ2HH2O = − 49 ‰, 
although this was a poured sample adjacent to the bottom of the over
lying glacial sands of the Sheringham Cliffs Formation. 

The pore water stable isotope profile for borehole F2 (Park Farm; 
Fig. 5) yields median values of δ18OH2O = − 7.3 ‰ and δ2HH2O = − 49 ‰ 

(Table 2), again indicative of groundwater recharge under current cli
matic conditions. The glacial deposits at this location are generally more 
sand-rich with a higher permeability throughout the profile and show a 
wide range of stable isotope values. For example, δ18OH2O ranged from 
− 8.2 ‰ to − 6.7 ‰ and δ2HH2O from − 54 ‰ to − 44 ‰ from below the 
soil zone to a depth of 7 m bgl, probably reflecting shorter-term varia
tions in rainfall recharge. Below this depth, more depleted isotope 
values, for example δ18OH2O = − 7.9 ‰ and − 7.7 ‰ at depth intervals of 
9.1–9.35 m bgl and 10.0–10.1 m bgl, respectively, are recorded in the 
lower-permeability silty clay deposits of the Bacton Green Till Member 
and within the Lowestoft Formation and may reflect an older, pre-1950 
component of groundwater, similar to that identified by Hiscock et al. 
(1996) in confined Chalk groundwater from beneath thick glacial till 
deposits in the adjacent Bure catchment. 

3.2. Groundwater residence time indicators 

The concentration in groundwater of anthropogenic atmospheric 
trace gases such as chlorofluorocarbons (CFCs) and sulphur hexafluoride 
(SF6) can provide information on groundwater residence times and 
mixing processes for waters up to 70 years old (Cook and Solomon, 
1997; Busenberg and Plummer, 2000). The results of the residence time 
indicator concentrations and apparent groundwater age calculations are 
shown in Table 3 and a cross-plot of the concentrations for CFC-12 and 
SF6 superimposed on the mixing models described in the SM are shown 
in Fig. 6. The Chalk groundwater samples (A1, F1) and Lowestoft Till 
Member sample (A2) plot close to the piston flow modelled line (as 
would be anticipated for a confined aquifer). The shallower samples 
from boreholes A3 and F3 in the Sheringham Cliffs Formation indicate 
binary mixing (unconfined) and sample F2 in the lower Happisburgh 
Formation shows exponential mixing (semi-confined), and so fitting well 
with the existing hydrogeological conditions. 

The residence time indicators suggest a component of modern water 
throughout the profile of glacial deposits at both Sites A and F with the 
year of recharge in the underlying Chalk aquifer dating from the early 
1960s. From the water level data given in Table 1, downward hydraulic 
gradients, i, of 0.071 and 0.060 existed between the mid-points of the 

Fig. 7. Values of δ15NNO3 and δ18ONO3 for NO3
− sources in the River Wensum provided by Wexler (2010) compared with isotopic ranges associated with agricultural 

sources of NO3
− adapted from Kendall et al. (2007). A 2:1N:O fractionation ratio representing denitrification is shown with a slope of 0.5. Also included are values for 

precipitation, pumped groundwater from the glacial deposits and Chalk aquifer at Merrison’s Lane (Site A) and Park Farm (Site F), and surface waters from 
monitoring stations A and D collected in June and September 2012. The cluster of five groundwater samples with mean δ15NNO3 = +20.9 ‰ and δ18ONO3 = +17.8 ‰ 
are for borehole A3 measured between 2016 and 17 (Garrard, 2018). 
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slotted casing sections of boreholes A1 and A4 (Merrison’s Lane) and F1 
and F4 (Park Farm), respectively, in May 2012. From a consideration of 
Darcy’s law applied to the bulk of the till thickness and assuming 
intergranular flow: 

v = −
iK
n  

then, for a travel time of 50 years through a depth of ~ 15 m of glacial 
deposits, equal to a percolation rate, v, of ~ 300 mm a− 1, the estimated 
hydraulic conductivity, K, for the glacial deposits ranges from 2.0 − 2.6 
× 10− 8 m s− 1 for an estimated porosity, n, of 0.15 (based on the mean 
saturated moisture content of core material). The hydraulic conductivity 
values obtained in this study compare with lower values of between 5 ×
10− 11–4 × 10− 9 m s− 1 reported at Cowlinge and Morley southwest of the 
current study area (Hiscock and Tabatabai Najafi, 2011). The difference 
indicates the greater influence of more sand-rich material within the 
bulk of the glacial till in the Blackwater sub-catchment compared with 
locations further south in East Anglia. 

3.3. Hydrochemical data 

The major ion data shown in Table 2 provide evidence for the in
fluence of agricultural practices and hydrological residence times on the 
field drainage and groundwater chemistry. Dilute concentrations of Cl− , 
NO3

− and SO4
2− in precipitation, with weighted mean values of 3.2, 0.75 

and 2.0 mg L− 1, respectively, indicate sources of ions in marine aerosols 
and the scavenging of nitrogen and sulphur oxides from the atmosphere. 
In contrast, elevated concentrations of these three parameters in field 
drainage with mean values of 54.5, 67.9 and 41.8 mg L− 1, respectively, 
represent the infiltration of agricultural contaminants through the soil 
profile, with NO3

− and SO4
2− concentrations ranging over two orders of 

magnitude in response to rainfall flushing events. The influence of 
rainfall recharge is also apparent in the values of electrical conductivity, 
which range from 78 to 528 μS cm− 1 in field drainage with a median 
value of 444 μS cm− 1. 

PO4
2− concentrations in field drainage show a wide variation of 

2–1051 μg L− 1 with a median value of 11 μg L− 1, with higher concen
trations during storm events when phosphorus is mobilised attached to 
suspended particulate matter (Cooper et al., 2015b). Below the soil zone, 
PO4

2− concentrations in pumped groundwater (Table 2) and total 

Fig. 8. (a) Mini-catchment A three-component mixing model hydrograph separation for the 17 April 2012 storm event and (b) corresponding stream water stable 
isotope and hydrochemical data. 
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phosphorus concentrations in pore waters in the glacial deposits (Figs. 4 
and 5) are typically < 100 μg L− 1, with higher concentrations associated 
with the Fe-rich glacial sand deposits, especially in the profile at Park 
Farm (Site F). 

Below the soil profile at Merrison’s Lane (Site A), the concentrations 
of NO3

− and SO4
2− are strongly influenced by the lithology and miner

alogy of the glacial deposits. The pore water samples (Fig. 4) show low 
concentrations of NO3

− of < 8 mg L− 1 throughout the profile but variable 
SO4

2− concentrations of between 7 and 183 mg L− 1. The pore water 
profiles show a pattern of higher NO3

− (1–8 mg L− 1) and lower SO4
2−

(<100 mg L− 1) concentrations in the presence of the clay-rich Bacton 
Green and Lowestoft Till Members from, respectively, 1–5 m bgl and 
11–15 m bgl. The opposite occurs at the base of the Bacton Green Till 
Member and within the underlying glacial sands of the Sheringham 
Cliffs Formation from 5 to 11 m bgl with NO3

− concentrations of < 1 mg 
L− 1 and SO4

2− from 40 to 140 mg L− 1. 
The pattern of pore water NO3

− and SO4
2− concentrations in this study 

is consistent with the pore water hydrochemistry of glacial deposits in 
East Anglia presented by Hiscock and Tabatabai Najafi (2011) in which 
autotrophic denitrification is apparent in the presence of reduced Fe and 
sulphur species associated with disseminated pyrite in the glacial de
posits. Concentrations of total Fe in the range 2–15 μg L− 1 under 
chemically reducing conditions developed in the confining glacial till 
layers and the increase in SO4

2− concentrations due to pyrite oxidation to 
concentrations above those observed in agricultural drainage (~40 mg 
L− 1) further support this interpretation. NO3

− and SO4
2− concentrations 

of < 1.3 mg L− 1 and ~ 45 mg L− 1, respectively, in pumped groundwater 
samples from the glacial deposits at Merrison’s Lane (Table 2) also 
demonstrate the importance of the slow recharge rate and opportunity 
for denitrification in the clay-rich glacial tills overlying the Chalk 
aquifer at this site. 

Additional denitrification may be promoted by the presence of 
organic matter in the glacial deposits, with an associated increase in 
HCO3

− , although the higher HCO3
− concentrations of 180–450 mg L− 1 in 

the chalk-rich glacial tills (Fig. 4) are primarily due to weathering and 
the incongruent dissolution of carbonate (Hiscock, 1993). It is possible 
that denitrification involving a multiple electron donor system develops, 
for example where organic carbon, sulphide and Fe minerals are all 
available (Rivett et al., 2008), as identified by Postma et al. (1991) for an 
unconfined sandy aquifer of Quaternary age in Jutland, Denmark. 

The presence of NO3
− in the Merrison’s Lane pore water profile below 

11 m bgl (Fig. 4) shows that agricultural contaminants can penetrate the 
low-permeability, clay-rich glacial deposits at this site, consistent with 
groundwater residence times of several decades (Table 3) corresponding 
with the era of increased fertiliser applications. The clay-rich deposits 
can exhibit slow, diffusion dominated water and solute transport (His
cock et al., 2011) except, as in the Blackwater sub-catchment, where 
intercalated sand and gravel-rich layers within the glacial till provide 
pathways along which relatively modern groundwater can move. Evi
dence for oxygenated groundwater flow along sub-horizontal fractures 
within glacial till is occasionally observed where orange staining from 
Fe oxidation is present (for example, see left-hand core section 

Fig. 9. (a) Mini-catchment D two-component mixing model hydrograph separation for the 17 April 2012 storm event and (b) corresponding stream water stable 
isotope and hydrochemical data. 
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photograph in the Graphical Abstract of the Bacton Green Till Member 
(5.5–6.0 m bgl) in borehole A2). 

At Park Farm (Site F), pumped groundwater samples in the glacial 
deposits recorded NO3

− and SO4
2− concentrations in the ranges 

30.9–65.2 mg L− 1 and 26.1–91.7 mg L− 1, respectively. The higher 
permeability of the glacial deposits is evident in the pore water profiles 
for Park Farm (Fig. 5) where there is only limited evidence for denitri
fication, for example the low NO3

− (3.9–4.2 mg L− 1) and higher SO4
2−

(114–121 mg L− 1) concentrations between 10.5 and 11.5 m bgl associ
ated with the lower permeability Lowestoft Formation. Mean NO3

−

concentrations in pore water (Table 2) are an order of magnitude higher 
at Park Farm (30.3 mg L− 1) compared with Merrison’s Lane (2.41 mg 
L− 1), with particularly elevated concentrations of 54–92 mg L− 1 at a 
depth of 7.0–10.3 m bgl in glacial sands of the Sheringham Cliffs For
mation and into the upper part of the underlying Lowestoft Formation. 
Lower NO3

− concentrations of < 40 mg L− 1 are more typical throughout 
the remainder of the profile. 

The presence of agricultural NO3
− in the pumped groundwater and 

pore water samples at Park Farm and the absence of significant deni
trification indicates a shorter groundwater residence time and the ex
istence of oxidising conditions in the glacial deposits. Additional 

evidence for oxidising conditions are the low total Fe concentrations 
(<14 μg L− 1 at depths greater than 3 m bgl) that suggest that Fe exists as 
Fe(OH)3. The influence of lithology is further apparent with pore water 
HCO3

− values in the range 137–296 mg L− 1 in the sands and gravels of 
the deeper Briton’s Lane, Sheringham Cliffs and Happisburgh Forma
tions. The lowest HCO3

− concentrations (<108 mg L− 1) are observed in a 
weathered zone from the ground surface to a depth of 5 m bgl (Fig. 5) in 
the carbonate-deficient glacial sand and gravel of the Briton’s Lane 
Formation. 

3.4. Nitrate stable isotope data 

Fig. 7 shows the isotopic composition of typical sources of NO3
− for 

the agricultural system in the Wensum catchment including inorganic 
and organic fertilisers and local municipal (sewage) waste from data 
presented by Wexler (2010). Also shown are the isotopic composition of 
precipitation collected on 18 September 2012, pumped groundwater 
samples from the Merrison’s Lane (Site A) and Park Farm (Site F) 
boreholes collected on 18 June 2012 and stream water samples collected 
during a storm event captured on 23–24 September 2012 at monitoring 
stations A and D. An additional five pumped groundwater samples were 

Fig. 10. (a) Mini-catchment A two-component mixing model hydrograph separation for the 23–24 September 2012 storm event and corresponding (b) hydro
chemical and (c) dual stable isotopes of NO3

− data. 
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collected for dual stable isotope analysis from borehole A3 (slotted 
casing interval 5.0–12.0 m bgl) at Merrison’s Lane between 2016 and 
2017 by Garrard (2018). 

The NO3
− isotopic composition of all stream water samples reflected a 

mix of influences, as expected during a dynamic storm event when 
microbially cycled NO3

− in the soil profile is mixed with NO3
− from 

precipitation and sources flushed from the soil. The δ18ONO3 values of 
stream water samples suggest NO3

− produced from nitrification of NH4
+

(δ18ONO3 = +2.8 to + 3.8 ‰), with most samples also carrying a signal 
from isotopic fractionation due to denitrification resulting in higher 
values in both δ15NNO3 and δ18ONO3. This pattern may be the result of a 
mixing of NO3

− from nitrification with partially denitrified NO3
− , or could 

indicate that nitrification was followed by partial denitrification. In 
addition, some samples had elevated δ18ONO3 values without elevated 
δ15NNO3 values indicating mixing of NO3

− from precipitation (δ18ONO3 =

+63.2 and 68.9 ‰) or chemical fertiliser NO3
− (δ18ONO3 = +23.2 and 

24.4 ‰). Higher δ15NNO3 values in stream water in the range + 9 to + 12 
‰ may also indicate nitrogen from manure and septic wastes, although 
not a significant nitrogen source in the study area. 

Most groundwater samples had δ15NNO3 and δ18ONO3 values close to 
those of the stream water samples but with a larger range, such that the 
range of stream water isotopic composition is encompassed within the 

range of groundwater isotopic composition (Fig. 7). One groundwater 
sample (borehole A3) showed a pronounced effect of denitrification in a 
high level of isotopic fractionation (δ15NNO3 = +33.5 ‰, δ18ONO3 =

+20.5 ‰), with repeat sampling between 2016 and 2017 (Garrard, 
2018) (Fig. 7) giving mean values of δ15NNO3 = +20.9 ‰ and δ18ONO3 =

+17.8 ‰. This borehole was pumped over a slotted casing interval of 
5.0–––12.0 m bgl in the glacial sands of the Sheringham Cliffs Formation 
(Table 1) and the isotopic values are consistent with the hydrochemical 
evidence for denitrification within the glacial sands at this horizon 
observed in the pore water profile (Fig. 4). The groundwater and stream 
water samples recorded δ18ONO3 values of between − 0.4 ‰ to + 12.0 ‰ 
below the range reported for inorganic nitrogen fertiliser (+15 to + 25 
‰) (Kendall, 1998). 

3.5. Storm hydrograph response 

Further insight into the influence of the glacial deposits on hydro
logical and NO3

− transport processes in the Blackwater sub-catchment 
was explored in mini-catchments A and D for two contrasting storm 
events on 17 April and 23–24 September 2012. Antecedent catchment 
conditions in the seven months prior to April 2012 were drier than 
normal with only 71 % of the long-term average (1971–2000) 

Fig. 11. (a) Mini-catchment D two-component mixing model hydrograph separation for the 23–24 September 2012 storm event and corresponding (b) hydro
chemical and (c) dual stable isotopes of NO3

− data. 
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precipitation while the four months prior to September 2012 were 
wetter than normal with 154 % of the long-term average. 

The storm event monitored on 17 April started at 05:00 h and lasted 
17 h. Precipitation measured at rain gauges in each of the mini- 
catchments A and D (RG1 and RG5, respectively) occurred in a main 
pulse of 3 mm in the first five hours of the storm and then further, 
smaller pulses in the next eight hours to give a precipitation total of 4.2 
mm at the end of the event (Fig. 8a and 9a). The second storm event from 
23 to 24 September started at 13:00 h and lasted 25 h. Compared with 
the April event, a greater precipitation total of 15.0 mm (RG1, mini- 
catchment A) and 17.8 mm (RG5, mini-catchment D) fell in the first 
11 h of the storm followed by smaller totals of 4.0 mm and 3.2 mm, 
respectively, in the remaining 14 h (Fig. 10a and 11a). 

At monitoring station A, total discharge increased 33 % during the 
April storm event from 0.009 m3/s at 05:00 h to 0.012 m3/s at 21:00 h 
(Fig. 8a). At monitoring station D, total discharge also increased but by 
only 8 % from 0.012 m3/s at 05:00 h to 0.013 m3/s at 21:00 h, having 
reached a peak discharge of 0.014 m3/s at 16:00 h (Fig. 9a). During the 
September storm event, the greater precipitation amount gave a more 
pronounced increase in stream discharge. At monitoring station A, total 
discharge increased 150 % during the event from 0.006 m3/s at 13:00 h 
on 23 September to 0.015 m3/s at 13:00 h on 24 September, with a peak 
discharge of 0.016 m3/s at 09:00 h on 24 September (Fig. 10a). At 
monitoring station D, total discharge increased by a smaller 44 % from 
0.009 m3/s at 13:00 h on 23 September to 0.013 m3/s at 13:00 h on 24 
September, with a peak discharge of 0.017 m3/s at 02:00 h on 24 
September (Fig. 11a). 

For the April event, three- and two-component mixing models were 
applied to mini-catchments A and D, respectively, with values of 
δ18OH2O and NO3

− selected for the end-member components given in 
Table 4. The hydrograph separation for mini-catchment A showed that 
before the onset of precipitation, field drainage and groundwater 
generated 36 % and 27 % of the total discharge, respectively (Fig. 8a). 
By 13:00 h, five hours after the mid-point of the first pulse of precipi
tation, the stream water NO3

− and HCO3
− decreased from initial con

centrations of 25.9 mg L− 1 and 388 mg L− 1 to their lowest values of 24.2 
mg L− 1 and 351 mg L− 1, respectively, resulting from dilution with sur
face runoff (event water) (Fig. 8b). At this time, field drainage and 
groundwater accounted for 14 % and 3 % of the total discharge, 
respectively. Thereafter, and with two further pulses of 1 mm of pre
cipitation at 13:00 and 18:00 h, the contributions of field drainage and 
groundwater to the total discharge were on average 38 % and 5 %, 
respectively, highlighting the importance of surface runoff and 

subsurface field drainage in mini-catchment A with its low permeability 
clay loam substrate. 

The response of mini-catchment D to the April storm event showed 
that the contribution of groundwater to the total stream discharge was 
69 % at the start of the storm, then decreased to a minimum of 22 % at 
17:00 h, before increasing by a small amount to 29 % by the end of the 
storm at 21:00 h (Fig. 9a). Minimum concentrations of NO3

− and HCO3
− of 

26.3 mg L− 1 and 263 mg L− 1, respectively, were observed 3–4 h after the 
onset of the storm (Fig. 9b), recovering to higher concentrations of 29.5 
mg L− 1 at 16:00 h and 278 mg L− 1 at 19:00 h, respectively, towards the 
end of the storm. Hence, compared to mini-catchment A, the more 
permeable sandy clay loam substrate that underlies mini-catchment D 
supported a higher groundwater component of stream discharge 
throughout the storm event that was characterised by a similar range in 
NO3

− but with a lower range in HCO3
− concentrations. 

For the September event, a two-component mixing model was 
applied to both mini-catchments A and D with values of SO4

2− chosen for 
the end-member components given in Table 4. The hydrological 
response to precipitation showed an increased contribution of ground
water to the total stream discharge with minimum values of 21 % and 
60 % recorded 11 and 13 h after the start of the storm in mini- 
catchments A and D, respectively, with the quicker response observed 
in mini-catchment A with its underlying lower permeability clay loam 
substrate (Fig. 10a and 11a). At the end of the storm, the groundwater 
contribution in mini-catchment A (35 %) was similar to that at the start 
(37 %). In mini-catchment D, the groundwater contribution increased 
from 65 % at the start of the storm to 80 % at the end and again high
lights the importance of the more permeable sandy clay loam substrate 
in maintaining baseflow in this mini-catchment. 

The hydrochemical response to the September storm event demon
strated that the lowest concentrations of NO3

− and HCO3
− in mini- 

catchments A and D occurred 1.5 and 3.5 h, respectively, after the end 
of the main period of precipitation (Fig. 10b and 11b). The response is 
similar to the storm event in April in that the more clay-rich mini- 
catchment A responded faster than the more sand-rich and baseflow- 
controlled mini-catchment D. 

The pulse of surface runoff in the September storm event is also 
apparent in the δ18ONO3 signatures, with more enriched values of + 10.1 
‰ and + 5.8 ‰ in mini-catchments A and D, respectively, reflecting a 
contribution of NO3

− from atmospheric nitrogen in precipitation 
(Fig. 10c and 11c). Thereafter, NO3

− and HCO3
− concentrations recovered 

to values similar to those recorded at the start of the storm, with NO3
−

concentrations recorded in mini-catchments A and D of 10.7 mg L− 1 and 

Table 4 
Mixing model end-member components and parameter values applied to storm hydrograph separation of the 17 April and 23–24 September 2012 events in mini- 
catchments A (chalky tills and silty clays) and D (glacial sands and gravels).  

Component Mini-catchment 
A 
(17 April) 

Mini-catchment D 
(17 April) 

Mini-catchment A 
(23–24 Sept) 

Mini-catchment D 
(23–24 Sept)  

δ18OH2O 

(‰ VSMOW) 
NO3

−

(mg L− 1) 
δ18OH2O 

(‰ VSMOW) 
SO4

2−

(mg L− 1) 
SO4

2−

(mg L− 1) 

Surface runoff (event) − 6.42a 0.75d − 6.42a 2.01h 2.01h 

Subsurface field drainage − 6.93b 67.9e – – – 
Groundwater (pre-event) − 7.56c 4.18f − 7.35g 58.0i 56.9j  

a Mean of two precipitation samples collected 16–17/04/12. 
b Median of field drain samples collected 30/04/12–01/05/12 (Table 2). 
c Median of pore water samples from 0 to 4.8 m bgl in Merrison’s Lane (Site A) borehole A2. 
d Weighted mean of precipitation samples collected 03/04/12–16/06/12 (Table 2). 
e Mean of field drain samples collected 30/04/12–01/05/12 (Table 2) except for sample times 13:00 and 14:00 h on 17/04/12 when modelled NO3

− concentrations 
were 164 and 171 mg L− 1, respectively, were required to reach a solution with a positive contribution from the groundwater fraction. 

f Median of pore water samples from 0.3 to 4.8 m bgl in Merrison’s Lane (Site A) borehole A2. 
g Median of pore water samples from 0 to 16.0 m bgl in Park Farm (Site F) borehole F2. 
h Weighted mean of precipitation samples collected 03/04/12–16/06/12. 
i Median of pore water samples from 0 to 14.3 m bgl in Merrison’s Lane (Site A) borehole A2. 
j Median of pore water samples from 0 to 16.3 m bgl in Park Farm (Site F) borehole F2. 
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22.8 mg L− 1, respectively, by the end of the storm. During the second 
half of the storm when stream discharge continued to rise in mini- 
catchment A, δ15NNO3 values increased from + 7.9 ‰ at 00:30 h to +
11.8 ‰ at 12:30 h, indicative of a denitrified source of nitrogen in 
groundwater contributing increasingly to the stream water NO3

− . This 
observation supports evidence presented by Wexler et al. (2011) and 
Garrard et al. (2023) who estimated between 15 and 30 % and 30–73 % 
of leached soil nitrogen is removed by denitrification in groundwater 
discharging, respectively, to the main river channel and tributary 
headwaters of the Wensum. δ15NNO3 signatures in mini-catchment D are 
more tightly constrained in the range + 7.6 ‰ and + 8.0 ‰ (mean =
+7.8 ‰) throughout the storm and reflect the importance of baseflow 
with a soil NO3

− source influenced by nitrification in the glacial sands 
and gravels that underlie this mini-catchment. 

4. Conclusions 

In this study, the presence of low-permeability glacial tills of the 
Sheringham Cliffs and Lowestoft Formations limits the penetration of 
agricultural NO3

− whereas in areas with predominantly higher- 
permeability glacial sands and gravels of the Briton’s Lane, Shering
ham Cliffs and Happisburgh Formations, NO3

− can penetrate the glacial 
deposits relatively easily. Pore water stable isotope profiles revealed 
slightly more depleted values (δ18OH2O < − 7.5 ‰ and δ2HH2O < − 50 ‰) 
within the low-permeability glacial tills compared with the higher 
permeability glacial sands and gravels (median values δ18OH2O = − 7.3 
‰ and δ2HH2O = − 49 ‰). The residence time indicators suggested a 
component of modern water throughout the profile of the glacial de
posits, with the year of recharge in the underlying Chalk aquifer dating 
from the early 1960 s. The presence of pyrite within the clay-rich glacial 
deposits means that any NO3

− in modern recharge is attenuated by 
denitrification in contrast to the shorter residence time and oxidising 
conditions that limit any significant denitrification in the glacial sands 
and gravels. 

The influence of the glacial deposits is also evident in the catchment 
response to storm events with areas underlain by clay loam soils expe
riencing a faster response to precipitation inputs with a lower baseflow 
contribution in contrast to the dampened response to precipitation and a 
higher baseflow component in areas with predominantly sandy clay 
loam soils. The sources and processes controlling NO3

− in stream 
discharge during a storm event also showed the influence of lithology 
with NO3

− stable isotope evidence of a denitrified source in baseflow 
(δ15NNO3 in the range + 6.7 to + 11.8 ‰) contributing to stream flow in 
areas underlain by glacial tills and a soil NO3

− source influenced by 
nitrification in baseflow (δ15NNO3 in the range + 7.6 to + 8.0 ‰) in areas 
underlain by glacial sands and gravels. 

In conclusion, this study demonstrates that the sediment heteroge
neity of Pleistocene glacial deposits affects both hydrogeological and 
geochemical conditions, which then influences contaminant fate. Hence, 
the glacial geological setting must be considered when evaluating and 
implementing catchment management practices, as some areas will be 
better suited to mitigate the impact of agricultural NO3

− (Best et al., 
2015). For example, mitigation measures in arable systems such as 
improved nutrient management plans and better timing of fertiliser 
applications to avoid surface and shallow subsurface runoff on soils 
developed on glacial tills are recommended. For soils developed on 
glacial sand and gravels with limited denitrification potential, the 
growing of autumn cover crops to reduce post-harvest nutrient losses in 
groundwater recharge and the growing of crops with less fertiliser re
quirements are recommended (Cooper et al., 2017, 2020). 
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