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Hydraulic conductivity can no longer be considered a fixed
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1 | INTRODUCTION

Hydrogeologists, biologists, geochemists, and ecologists who focus

their interest at the sediment–water interface commonly use a Dar-

cian approach to quantify exchange between groundwater and sur-

face water:

q¼Ki¼ kgi=ν ð1Þ

where q is specific discharge per unit area (flow in either direction

between groundwater and surface water) (L/T), K is hydraulic con-

ductivity (L/T), i is hydraulic gradient (L/L), k is intrinsic permeability

of the sediment (L2), g is acceleration of gravity (L/T2), and ν is kine-

matic viscosity of water (L2/T). Although density and viscosity are

part of the equation, K is nearly always related solely to sediment

structure.

K is notoriously difficult to determine, both because it is among

the most widely varying physical parameters (Freeze & Cherry, 1979)

and because it is scale-dependent (e.g., Schulze-Makuch et al., 1999).

Furthermore, spatial variability commonly is large in lacustrine and flu-

vial settings (e.g., Genereux et al., 2008; Glose et al., 2021; Käser

et al., 2009; Sebok et al., 2015; Springer et al., 1999; Toran

et al., 2015; Wang et al., 2016), for example, varying nearly 3 orders

of magnitude over 160 m2 (Kishel & Gerla, 2002). Order-of-magnitude

estimates for K are often the best we can do.

Quantifying K at and near the sediment–water interface is more

difficult yet because K also varies temporally (e.g., Dafny et al., 2015;

Doppler et al., 2007; Genereux et al., 2008; Hatch et al., 2010; Wang

et al., 2016). Sediment can be highly mobile in marine, lacustrine, and

fluvial settings and the ability for water to flow through these shallow

sediments can be altered by numerous physical, chemical, and biologi-

cal processes.

We assert that considering K as a fixed parameter is inappropriate

at and near the sediment–water interface where physical properties

of the porous media are nearly constantly changing, sometimes alter-

ing K by several orders of magnitude. We attribute the bulk of this

variability to surface-water dynamics, bias related to the direction of

flow across the sediment–water interface, and biological activities

that alter the physical and/or chemical structure of the sediment. Sci-

entists need to view K in this setting as a variable, rather than a con-

stant, and make repeated measurements to quantify and incorporate

temporal variability in determinations of flow and associated chemical

exchanges between groundwater and surface water.

The overly simplistic assumption that K is temporally invariant

likely is invalid for virtually all settings where groundwater exchanges

with surface water. All surface-water settings are highly dynamic com-

pared to the broader groundwater-flow domain, where laminar flow

prevails. Fluvial and high-energy marine settings are particularly obvi-

ous examples, but lacustrine and paludal settings also change in

response to waves and currents and as shorelines move laterally with

changing surface-water stage. Most groundwater-flow models facili-

tate separately assigning K for riverbeds and lakebeds, but nearly all

studies apply a fixed value for K at those interfaces. Providing for tem-

poral variation in this parameter that governs the connection between

groundwater and surface water is usually difficult, is not automated,

and as a result is rarely considered.

Given the global importance of the connections between ground-

water and surface water, and the anthropogenic alterations of these

exchanges, quantification of water and chemicals that move between

these two water domains needs to improve, including the
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acknowledgment that K is temporally variable in addition to q and i.

We argue for this paradigm shift because of improved knowledge and

understanding of the influence of three processes mentioned above

and detailed here:

1. Episodic or continual sediment erosion and deposition related to

changing surface-water dynamics that alter the sediment grain-size

distribution and associated hydraulic properties,

2. Flow-directional bias in K associated with buoyancy of fine-grained

sediment during upward flow, compaction during downward flow,

and changes in fluid viscosity related to difference in temperature

of upward versus downward flowing water, and

3. Temporal variability in biological processes (bioturbation, bio-

irrigation, biofilm growth, biogenic-gas production) that can

increase or decrease the ability for flow across the sediment–water

interface.

1.1 | Episodic deposition and erosion

It is well established that riverbed sediment erosion and deposition

are directly related to water depth and surface-water velocity, high-

flow events are particularly transformative, and streams and rivers are

rarely if ever at steady state (Schumm & Lichty, 1965; Wolman &

Miller, 1960). Therefore, with streams undergoing nearly constant

degradation or aggradation, it is somewhat surprising that reasonable

results for quantifying exchange between groundwater and surface

water could stem from an assumption that K is fixed with respect to

time. Credence is provided by the commonly large spatial heterogene-

ity, range, and associated uncertainty in determining K compared to

the relatively small temporal changes. Even when limited to fluvial set-

tings, reported values for K still range by nearly 8 orders of magnitude

(Calver, 2001). Therefore, if estimates of K were within 1 or 2 orders

of magnitude of true values, we often were satisfied they were close

enough.

Numerous studies in fluvial settings have documented temporal

changes in K associated with vertical flow (Kv), ranging from a factor

of two to as large as 2 or 3 orders of magnitude, caused by changing

grain-size distribution (e.g., Hatch et al., 2010; Korus et al., 2020;

Mutiti & Levy, 2010; Rosenberry & Pitlick, 2009b; Sebok et al., 2015;

Simpson & Meixner, 2012; Wang et al., 2016). Several studies have

also reported temporal variability of Kv in lake sediments up to an

order of magnitude (Kazmierczak et al., 2016; Wiese &

Nützmann, 2009). Even minor sediment disturbance can create sub-

stantial change. At Mirror Lake in New Hampshire, USA, walking on

the lakebed disturbed a surficial layer of fine-grained sediments only

several mm thick and increased downward seepage by factors of 3 to

nearly 8 (Rosenberry et al., 2010).

Variable K in fluvial settings is the result of multiple processes

that can combine in complex ways. Flood flows can increase or

decrease K depending on magnitude and duration of the flood, length

of time since the previous flood, and whether the finer sediment

fraction or the entire range of grain sizes is mobilized (e.g., Schalchli,

1995; Sebok et al., 2015; Simpson & Meixner, 2012; Wu et al., 2015).

K can also increase with bedform amplitude and bankfull channel

width and/or depth and then decrease with time since the last bed

disturbance (Stewardson et al., 2016), particularly during extended

low-flow or no-flow periods (Figure 1).

This is important not only to ecological and biogeochemical pro-

cesses that drive much of the research at this important ecotone,

but also for water-supply systems that make use of the sediment as

a filter to minimize chemical treatment of public water supplies

(e.g., Levy et al., 2011; Ray et al., 2003; Schubert, 2006; Zhang

et al., 2011). Commonly termed “river-bank filtration” and growing

in implementation world-wide, this practice has been in use for hun-

dreds of years in Europe and provides about 16% of the potable

water in Germany (Schmidt et al., 2003) and 7% in the Netherlands

(Stuyfzand et al., 2006). This process usually induces fine-grained

sediments to partially clog the riverbed, reducing Kv and associated

well production. A riverbank-filtration installation on the Russian

River, CA, USA, provides a good example. Reductions in K of 1 to

2 orders of magnitude decreased flow from the river to such an

extent that sediments desaturated beneath the riverbed

(Su et al., 2007). Biofilms were substantially responsible as they

increased in areal extent and thickness during the summer low-flow

period (Ulrich et al., 2015).

In some riverbank-filtration settings, fines and algal mats are

flushed downstream during seasonal or other high-flow events, effec-

tively resetting the bed sediment and largely restoring well production

(Goldschneider et al., 2007). Reduced K in these settings could be per-

manent, however. If a downward hydraulic gradient exists during a

flood, fine-grained sediments can clog the porous media beyond the

depth altered by more typical ranges in streamflow. This deeper sedi-

ment clogging would only be removed by larger flood flows. Pumping

of production wells during extreme events could exacerbate extreme-

depth clogging that could be permanent because those fine-grained

sediments likely would never be removed.

1.2 | K bias associated with upward versus
downward flow

1.2.1 | Buoyancy effect

Several studies indicate that Kv at or near the sediment–water inter-

face can vary depending on the direction of flow, both in lotic and len-

tic settings and particularly those where exchanges are fast and

variable. During flow from surface water to the underlying sediments,

a downward seepage force acts in concert with gravity to compress or

transport fine-grained sediments deeper into interstices, creating

additional flow restrictions and reducing Kv. This is common in fluvial

settings where bedforms project into the flow field, even if there is no

larger-scale downward hydraulic gradient (e.g., Jin et al., 2019; Pack-

man & MacKay, 2003). During upward flow, the force associated with

upward seepage opposes the gravity force exerted on each sediment

grain. For silica-based inorganic sediments with a density of 2650 kg/
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m3, the sediment is made neutrally buoyant by upward seepage once

the hydraulic gradient exceeds about 1.1 (Rosenberry &

Pitlick, 2009a), increasing Kv. With no overlying sediment above neu-

trally buoyant grains at the sediment–water interface, grains are easily

dislodged and preferential flow paths develop, further increasing Kv

(Figure 2).

This bias in Kv related to flow direction was noticed decades ago

during a study of the Little Plover River in Wisconsin, USA, and was

locally coined the “flap-valve effect” (E.P. Weeks, personal communi-

cation, Weeks et al., 1965). Ratios of Kv for upward versus downward

seepage were as large as 1.9 for sand and 2.7 for silt in a laboratory

where gradients were measured in response to generated seepage

(Rosenberry & Pitlick, 2009a). In the coarse-sand, fine-gravel bed of

the South Platte River, Colorado, USA, ratios of Kv for upward

versus downward flow ranged from 1.04 to 17.5 (Rosenberry &

Pitlick, 2009b).

F IGURE 1 Pajaro River, California, USA, goes dry in the middle reaches during summer, revealing annual accumulation of fine sediment that
has dried and cracked on the surface (foreground) (3.2-cm-diameter white monitoring wells in the middle distance provide scale). Inset shows
organic floc on riverbed while still wet, with boot print providing scale. Photos by Christine Hatch and Donald Rosenberry (inset)

F IGURE 2 Downward flow (a) across
the sediment–water interface promotes
clogging and reduction in Kv, but upward
flow (b) reduces clogging and develops
visible preferential flowpaths. The
combined surface area of the visible holes
that formed with upward seepage was
0.5% of the total bed area (Modified from
Rosenberry & Pitlick, 2009a.)
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1.2.2 | Temperature/viscosity effect

Flow-directional bias can also occur where surface-water temperature

is substantially different from temperature of the underlying sedi-

ments. Hydrogeologists have long known that viscosity can double,

reducing K by half, when water temperature decreases from 25 to

0�C (Constantz et al., 1994). This factor-of-two variability in K is rarely

considered because it is a small change relative to the uncertainty in

determining K and also because groundwater temperatures typically

vary little over time. However, in the shallow, near-shore margins of

lakes, wetlands, streams, and oceans, where most of the exchange

between groundwater and surface water normally occurs (McBride &

Pfannkuch, 1975), temperatures commonly vary over this range. In

higher-latitude settings, frozen surface water during winter can

reduce the bed-sediment temperature near the shoreline to 0�C. Dur-

ing summer, the surface-water temperature in those same near-shore

margins can exceed 30�C. The resulting temperature difference

between surface water and water in the underlying porous media is

often sufficiently large to have a substantial effect on viscosity and K.

When surface-water temperature is warmer than the underlying

porous media, K during upward flow is controlled by viscosity of the

colder porous media, particularly for faster flows where upward

advection is much faster than downward conduction of heat. For

downward flow, surface water advects and conducts heat into the

sediment, reducing viscosity and increasing K.

Temperature-generated bias in K related to flow direction either

works in concert with, or in opposition to, bias related to sediment

buoyancy or compression, depending on the season and flow direc-

tion. When working in opposition, directional bias associated with

sediment buoyancy or compression likely is the dominant process in

high-energy settings.

Simulations of exchange between groundwater and surface water

can be improved if temporal variability in bed-sediment parameters

are incorporated. Residuals were greatly reduced when hydraulic con-

ductivity was changed seasonally by nearly a factor of 2 in a model

simulating exchange between the Limmat River in Switzerland and

underlying groundwater (Doppler et al., 2007). With the large increase

and rapid adoption of heat as a tracer for quantifying exchange

between groundwater and surface water (e.g., Briggs et al., 2014;

Hatch et al., 2006; Irvine et al., 2017; Koch et al., 2016; Rau

et al., 2014), it is surprising that temperature effects on K are not rou-

tinely addressed when quantifying that exchange with gradient-based

approaches.

1.3 | Biological processes that alter K

Biological influences, such as bioturbation and bioirrigation of shallow

sediment, biofilms and algal mats that grow on the sediment surface,

and episodic accumulation and release of biogenic gas, can generate

exchanges and/or alter sediment permeability at and near the

sediment–water interface as much or more than purely physical pro-

cesses. Assuming that exchanges are largely controlled by hydraulic

gradients leads many to ignore these biologically driven processes.

The following examples demonstrate the magnitude of this largely

unaccounted-for influence.

Bioturbation is the process of altering the sediment matrix while

bioirrigation is the passive and active flushing of water through the

biologically enhanced porous matrix. Organisms, such as worms,

clams, crabs, shrimp, and crayfish, create conduits beneath the

sediment–water interface that collectively increase the areally aver-

aged value of K (e.g., Baranov et al., 2016; Santos et al., 2012;

Volkenborn et al., 2007). Organisms create these preferential

flowpaths to bring oxygen into the sediment, for protection from

predators and high-energy waves, and as a food supply. Bioirrigation

has been measured at area-averaged rates on the order of 1 to 2 but

up to 5 cm/d in Florida (Cable et al., 2006) and, depending on species

and burrow density, at up to 200 to 1000 cm/d in shallow margins in

Denmark (Santos et al., 2012). These exchanges can reach depths of

0.5 (Volkenborn et al., 2019) to several m (Santos et al., 2012) and can

be orders of magnitude greater than gradient-driven exchange. In

Lake Müggelsee near Berlin, Germany, densities of burrowing organ-

isms as large as 2000 per m2 can filter the entire lake volume in a sin-

gle week (Baranov et al., 2016). The areal extent of these conduits of

high permeability that serve to oxygenate the sediments also can be

very large, effectively doubling the surface area when including the

3-dimensional distribution of burrows beneath the sediment–water

interface (Volkenborn et al., 2019). The permeability of these net-

works of subterranean channels must be maintained by the organisms.

Therefore, bulk K of the sediments, and associated fluid and chemical

exchange, varies as the population dynamics of the various species

evolve in response to seasons and episodic events, such as storms or

disease or anthropogenic disturbances.

Biologically induced clogging from accumulation of organic sedi-

ments at and beneath the sediment–water interface can reduce K,

particularly for downward flow, often by three orders of magnitude

(e.g., Seifert & Engesgaard, 2007), as can algal and other areally exten-

sive biological drapes at the sediment–water interface (Baveye

et al., 1998). These reductions can occur over weeks to months and

are variable depending on water temperature and river hydraulics

(Newcomer et al., 2016; Ulrich et al., 2015). Biologically induced

reductions in Kv decrease the depth of hyporheic exchange in fluvial

settings and can also greatly affect biogeochemical processes and

microbial transformations (Caruso et al., 2017). High-flow events

often flush these drapes and restore streambed connectivity, but it

depends on the extent of bed mobilization. A rainfall-induced

streamflow pulse restored Kv at a setting where the bed remained

flooded during a prolonged low-flow event (Chiu et al., 2020). Down-

stream, where the streambed dried during the low-flow period, accu-

mulation of dead algal matter made the streambed more resistant to

erosion and Kv decreased markedly once streamflow was

reestablished.

Aquatic macrophytes can also create unexpected distributions of

flow between groundwater and deeper surface water. At Lake Ham-

pen in central Denmark, nutrient-enhanced macrophyte densities of

up to 12 000 plants/m2 created a thick rhizosphere that locally
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reduced groundwater discharge to the lake (Frandsen et al., 2012).

The low-K rhizosphere altered the porous-media-based distribution of

groundwater discharge to the lake and deflected groundwater and

associated nutrients to discharge in deeper water farther from shore

(Karan et al., 2014).

Decomposers of organic sediments serve a decolmation function

that can increase K (Brunke & Gonser, 1997; Danielopol, 1984;

Vanek, 1997), but they also generate gas that can either further

increase or decrease K. If gas merely accumulates, it can occlude pores

and reduce K, as has long been noted (e.g., Faybishenko, 1995). K can

be reduced an order of magnitude or more by gas accumulation;

reduction varies based on gas-production rate, temperature, and pres-

sure. If accumulation is sufficient such that gas rises through the satu-

rated sediment, preferential flowpaths are created when gas rises to

the overlying surface water, creating high-K conduits for subsequent

releases of gas and water (Santos et al., 2012).

2 | WHY DOES THIS MATTER?

The hyporheic zone associated with streams and rivers, and the equiv-

alent hypolentic, hypopaludal, and intertidal zones associated with

lakes, wetlands, and marine margins are complex and vitally important

ecotones where biogeochemical processes wax and wane and are

altered by constantly changing flows of water and chemicals across

the sediment–water interface. Rates and reversals of flow across the

interface govern many of these processes and are in turn largely

governed by K. If we do not understand the degree of variability of K,

we may erroneously attribute K-driven changes within this ecosystem

to other processes.

Increasing exploitation of groundwater and surface water creates

unintended anthropogenic alterations to natural fluxes, as well as

unintended movements of contaminants across the interface that

connects the groundwater and surface-water domains (Conant

et al., 2019; Smith, 2005; U.S. EPA, 2000; Winter et al., 1998). Water-

supply systems that induce surface water to flow to municipal

pumping wells rely on the sediments to filter contaminants or patho-

gens of concern before the surface water reaches the well screen. An

unknown breach of the lower-K clogging layer can lead to unexpected

contaminant transport, such as during episodic high-flow events in riv-

ers or when floodwater rises to extend over higher-K near-shore mar-

gins that can transmit water much more readily. Changing values of

K can create unexpected increases in the flow rate, and concomitant

decreases in travel time, that could result in unexpected levels of deg-

radation of water quality for public water supply.

The relatively smaller influence of flow-directional bias in K could

be viewed by pragmatists as an esoteric, primarily academic curiosity.

However, K bias associated with flow direction may be globally signifi-

cant in coastal settings where tidally driven reversals in flow direction

occur two to four times a day. In these marine margins that extend

along more than 600 000 km of shoreline, the collective influence

could be very large. Estimates of global-scale discharge of groundwa-

ter to oceans vary widely but all are large and on the order of the

global discharge of rivers to the ocean (Burnett et al., 2003;

Moore, 2010). Tidally- and wave-driven exchanges are larger yet, esti-

mated to be equivalent to the entire volume of the Earth's oceans

once every 3000 years (Santos et al., 2012) at an average rate of

about 1 cm/d. A flow-directional bias in K allows water to flow more

readily to the ocean than from it, which in some settings may reduce

the slope of the water table near the ocean margins, resulting in a

lower water table and less freshwater storage. Bias in exchange can

also affect water losses in managed rivers. Peaks in flow downstream

of power-production dams cause reversed flow of river water to ripar-

ian margins (Rosenberry et al., 2013) where water can then be lost to

evapotranspiration (Yellen & Boutt, 2015). These anthropogenically

driven exchanges controlled largely by K can also affect river ecosys-

tem health and water quality.

These examples indicate that our assumption of a time-invariant

value for hydraulic conductivity at the sediment–water interface is

almost always incorrect. We can improve our estimates of fluxes

between groundwater and surface water by starting with the assump-

tion that K fluctuates at multiple temporal scales and that we need to

quantify or estimate those changes in K just as we consider and mea-

sure changes in hydraulic gradient. Effects of K-altering events, such

as flood flows or stage changes that substantially move the shoreline,

can be quantified with K measurements made pre- and post-event.

Models that simulate exchange between groundwater and surface

water should facilitate inclusion of temporal variability of K, making it

an input variable, rather than a fixed parameter, with respect to time.
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