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Functional Significance of Aquifer-River Interfaces
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Direction of
stream flow

[USGS]

Habitat and refugia for a range of organisms:
* moderation of extremes in temperatures, water stress and chemical status

Zone of enhanced biogeochemical cycling of nutrients and contaminants:
» Organic rich hyporheic + riparian sediments, local anoxia

» Limited understanding of spatial patterns and scales, temporal dynamics
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Biogeochemical hotspot:

Reactant A

b. Reactant B

. (a) convergence of hydrologic
Reactant B .
flowpaths carrying

complementary reactants

(b) flowpath carries reactant Ainto a
substrate containing reactant B
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So hyporheic zones are cleaning our rivers and groundwater?
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Drivers and Controls of Hyporheic Exchange Flow (HEF)
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Drivers of HEF at multiple scales

Meander Driven

Bedform Driven "\ > [Stonedahl et al., 2010]
Exchonge
Bardini et al., 2012; Boano et al., 2007; Cardenas et al., 2004, 2008; Endreny & Lautz 2011 a,b, 2012; Kasahara & Wondzell,
2003; Lautz et al., 2010; Stonedahl et al., 2010; Thibodeaux & Boyle, 1987; Tonina & Buffington, 2007....
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Headwaters to mid-stream sections:

CO,, N, N0
c,N, O

/  streambed

C,N,O
—
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HZ nutrient transformation in up-welling GW Diffuse Equilibrium in Thin films (DET)
Passive Gel Samplers

R. Leiths |
. Quantifying the impact of small-
. \ scale streambed heterogeneity
,‘% ") on hotspots of biogeochemical
% ’ turnover
. n/
“« R. Ter
-7
, Geophysical surveys (ERT, GPR)

Permo-Triassic Sandstone  \yitiple tracer tests (reactive, conservative)
in England and Wales

Nested multi-level piezometer, diffuse gel-
samplers (passive)

Multi-component reactive transport (TCE,
NO;, NH,, TN/TON, DO)

Distributed sensor networks (FO-DTS), Heat
Pulse Sensors

Coupled groundwater-surface water models

Multi-piezometer sampling — (stream reach - sub-catchment)
Active heat pulse tracer
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[Krause et al. HP 2009]
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Hot moments and hot spots of HZ reactivity

i
G
* Increased reactivity (NO,;, TCE decay) in confined streambed locations ¥ 3
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Long GW-residence times in anoxic sediments with increased C,, availability

[Krause et al. HESS, 2012; JGR-Biogeosciences, 2013; Krause & Blume, WRR, 2013]
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Diffuse Equilibrium in Thin films (DET)

Vertical hydraulic gradients Nitrogen turnover Passive Gel Samplers
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[Krause et al. HESS, 2012; Krause & Blume, WRR 2013; Krause et al., WRR 2014]
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Streambed structural impact on
nutrient cycling:

Small-scale permeability heterogeneity has negligible effects on
nutrient cycling in streambeds

L. Bardini,' F. Boano,! M. B. Cardenas.* A. H. Sawyer,” R Revelli,' and L. Ridolfi’

Bedform driven HEF:

\/\/\\/

[Bardini et al., GRL, 2013]
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Enhanced NO, concentrations effectively inhibit TCE breakdown!
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Small scale structural variability matters:

Increased nitrogen turnover in streambed environment (attenuation and
enhancement), driven by bedform induced HEF and streambed permeability

Hotspots of nitrate turnover — controlled by GW up-welling and small-scale (DOC
rich) low conductivity structures

Diffuse and point source pollution interact (compete):

Enhanced nitrate concentrations inhibit TCE breakdown (apart from streambed
hotspots of increased denitrification)
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Identifying Hotspots of HZ Biogeochemical Turnover
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Detecting Hot moments and hot spots of HZ reactivity

Increased reactivity (NO,;, TCE decay) in confined streambed locations
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Detection of low conductivity hotspots + their dynamic impact on streambed metabolism
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[Weatherill et al. in prep.]
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Identifying Hotspots of HZ Biogeochemical Turnover

HPS Heat Pulse Sensor
(Active Injection)

FO-DTS - selected sites

Detailed, 3-D flow field
analysis (small scale)

HPS sampling point

HPS 3
 J

N==—————r

= il % = 4
7z e

[Angermann et al., WRR, 2012]
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HPS1

30°

Hydrodynamic
forcing super-
imposed by GW
up-welling

0<1.0

0>1.0-2.0

=>20-4.0
> 4.0 [105m s7]

HPS2

Inhibited GW
up-welling
leads to
increased HEF
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Organisational principles of HEF + biogeochemical turnover ceography, arth and

Environmental Science

Small scale structural variability matters:

Increased nitrogen turnover in streambed environment, driven by GW-upwelling
patterns instead of bedform induced HEF

Hotspots of nitrate turnover — controlled by GW up-welling and small-scale (DOC
rich) low conductivity structures

Diffuse and point source pollution interact (compete):

Enhanced nitrate concentrations inhibit TCE breakdown in streambed (apart from
streambed hotspots of increased denitrification)

Hot spots and hot moments can be identified:

Hot spots of biogeochemical turnover (DOC rich low conductivity structures) can
be effectively identified by FO-DTS
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Generalising Principles of Aquifer-River Exchange

t//' NN l\\/‘/‘f

U”’SJ/ %M/ (&

LHeteroS
Two-dimensional alluvial
@.' system:
UGW é « asymmetrical dunes repeated

periodically downstream

* turbulent flow in water
column by steady-state
Reynolds-averaged Navier-
Stokes (RANS)

* Dirichlet boundary to
describe pressure distribution
at sediment water interface

» uniform groundwater
upwelling along the bottom
boundary

[Gomez, et al., WRR, 2014]
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Net hyporheic flux:

Maximum depth of the HZ:

Area of the HZ:

Flux-weighted mean RT:

Flux-weighted standard
deviation RT:

Flux-weighted coefficient
of variation:

[Gomez, et al., WRR, 2014]
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Organisational principles of HEF + biogeochemical turnover ceography, arth and

Environmental Science

Small scale structural variability matters:

Increased nitrogen turnover in streambed environment, driven by GW-upwelling
patterns instead of bedform induced HEF

Hotspots of nitrate turnover — controlled by GW up-welling and small-scale (DOC
rich) low conductivity structures

Diffuse and point source pollution interact (compete):

Enhanced nitrate concentrations inhibit TCE breakdown in streambed (apart from
streambed hotspots of increased denitrification)

Hot spots and hot moments can be identified / predicted:

Hot spots of biogeochemical turnover (DOC rich low conductivity structures) can
be effectively identified by FO-DTS

The theoretical impact of hot spots and hot moments of enhanced RTD and
biogeochemical turnover can be quantified

The challenge remains:
What are the large scale implications of small scale hotspots and hot moments?
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Cliburn

Up-scaling to 3-D deterministic HEF modelling

= Flow gauging station
Edge of floodplain . . . .
Improved spatial/temporal discretisation

O  Shallow piezometer

O  Deep borehole

Sitelll, -~

Plan view

¢, Stream flow “ZZ1 Low permeability alluvium
Longitudinal profile

-, High permeability alluvium

a) Natural system
:-. Permeable bedrock

% Zgh”jw"’fa""y focure Site | Site Il Site Ill
[= ] Infiltrated stream water Flux (m3/ d/ m2)
__~ Hyporheic flow
— Non-hyporheic flow Upwelling +107
+1072

b) Modelled system 5
Y No vertical flow

Flux & - ]0'2
Residence time Characteristics of HEF
f Controls on HEF Downwelling -107
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0 10m
f 1 Basal flux L Site lll

[Kaeser, et al., HP, 2014; Munz et al., HP 2011]
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Streambed organic matter content
Average sediment grain size
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Adapted from Boulton 1998
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Motivation - a groundwater nitrate time bomb?
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Nitrate concentration in 40 GW-boreholes Cumbria/UK (1972 - 2007)
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Decay = f (aquifer reactivity, residence time)
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