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The hyporheic zone in fluvial, lacustrine and marine sediments has been recognized as being highly relevant for biogeochemical cycles in the environment. The general description of solute transport in the hyporheic zone between surface water and groundwater has to take exchange between the fluid and solid sediments into account. For general 2-phase environments we showed that in case of equilibria between phase concentrations the mathematical formulation can be simplified considerably by the introduction of adjustment factors (here referred to as R-factors) for advection, diffusion and degradation processes. The mathematical derivation follows the concept of retardation factors, which is well established in porous medium studies in hydrogeology and the material sciences. 
The outlined concept is of particular interest in the hyporheic zone that includes moving phases and interfaces. Processes like sedimentation, compaction, bioturbation and bio-irrigation can be integrated leading to a single transport equation description for the 2-phase system. This allows the utilization of the extensive pool of analytical and numerical solutions, either stationary or transient, which are available for single phase situations. 

For the hyporheic zone a model is examined that simulates concentration profiles within the sediment layers and groundwater, taking all of the above mentioned processes into account. Fluxes across the interfaces between the surface water body and the upper sediment layer and between the lower sediment and groundwater layers, are crucial for the understanding of ecological and environmental systems. As illustrations we present analytical solutions for the steady state and discuss in detail the influence of various processes via variations of the introduced R-factors. 
A description with dimensionless variables and parameters is presented. It is shown how R-factors can be incorporated in the dimensionless Peclet and Damköhler numbers to provide a basic understanding of the relevance of different processes. Summarizing, the presented approach shows a way to describe and understand the complex transport processes in the hyporheic zone in a simplified manner, if certain conditions are fulfilled.   
1 Introduction
Interfaces between different environmental compartments play a crucial role for the state of ecosystems, providing appropriate niches for varieties of biological species [1]. At the interface at the bottom of surface water bodies, referred to as sediment-water interface (SWI), conditions can be found that favour the life of a plethora of populations that are relevant not only for the environment adjacent to the interface, but for the water body as a whole. Disturbances of the biogeochemistry at the SWI affect the ecological state of the surface water and its connection with the underlying groundwater. Surface water bodies continuously interact with the subsurface [2]. As the connecting link between surface water and ground water [3] the processes at the ground surface of the sea, rivers, lakes, reservoirs and canals are of high relevance, concerning water quality, aquatic ecology, nutrient cycles, the migration of pollutants etc [4, 5, 6]. They are also important in moderating temperature regimes, and in creating unique habitats. There is a distinction between the region above the SWI, denoted as benthic zone and the region below the SWI, the hyporheic zone [7]. 
Spatially and temporally flora and fauna in the hyporheic zone differ a lot, depending on climatic, hydraulic and geological conditions. Faunal organisms that live in the upper layers immediately beneath the SWI are typical of those found on the streambed itself. Fish sequester themselves in the gaps of the upper layer. Aquatic insects may spend most of their life cycle in that domain, emerging only to turn to adults and reproduce [8]. The hyporheic zone supports detritus feeders and carnivores, which feed on fine particulate organic matter and dissolved organic matter. Macrofauna in their feeding strategy and due to ecological interactions, affect both the physical and biological environments in the sediments and in the water column [9].
Different organisms live in the deeper reaches. Due to the smaller interstices, no plants can be found there anymore. One may find meiofauna, such as larvae. At the greatest depths, with relatively constant temperature, low oxygen, and reduced pore space, are microfauna feeding on the biofilms that form on the solid surfaces.  

Due to the different conditions below the SWI the hyporheic zone can be partitioned in several parts. For the considerations here we draft a conceptual model with only two parts: the upper and the lower sediment layers (Figure 1). Depending on local conditions more sophisticated partitioning may be required. For illustrating the different mathematical treatment of various processes the simple design that is sketched in the figure may suffice. In the latter part we extend the model considering the connection with an aquifer below the lower sediments.      
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Figure 1 Sketch of the hyporheic zone partitioned in upper and lower sediment layers   
Physically the hyporheic zone consists of a fluid and a solid phase - water and fluvial maritime or lacustrine sediments. Aim here is to deal with processes that affect one or both of these phases such as sedimentation, diffusion, advection, degradation of chemical species, bio-irrigation and bioturbation. Transport in 2-phase systems has to take into account that both phases are connected due to ad- and desorption processes of various kind [10]. 
Characteristic for the solute transport in the hyporheic zone is the multitude of various simultaneously acting processes. The processes have to be considered separately for the phases. Some are relevant for the fluid phase and some for the solid phase. There are the physical processes of advection and diffusion in the fluid phase, where advection is caused by a gradient of hydraulic head. In the solid phase an advective process originates from the sedimentation, i.e. the movement of the SWI and compaction. In the solid phase there are various processes that have an effect similar to diffusion. These can be attributed to the re-location of the sediment material, caused by the fluid movement in the overlying free water or, more importantly, by biological entities, flora and fauna that populate the ground surface of the free water body. 
In a review on the current state of the art Kristensen et al. [11] propose to use bioturbation acts as an ‘umbrella’ term that covers all transport processes and their physical effects on the substratum. Faunal bioturbation in aquatic environments includes effects of all processes carried out by animals or plants that directly or indirectly affect the sediment matrix. Bioturbation is caused by a variety of benthic macroinvertebrates or benthivorous fish that forage and burrow various bottom tubes, holes and pits. These processes include both particle reworking and burrow ventilation [11]. The latter authors outline that the activity of the bioturbators affects water as well as particle transport. Bioturbator activity results in re-arrangements in the sediment structure and it is often conceived as a diffusion process. 
2 Differential Equations
In the mathematical analysis the differential equations are formulated for the general 3-dimensional transient situation, but the application for the hyporheic zone is concerned with a single dimension only, which is the distance from water-sediment interface, usually vertically in direction of gravity.
As a starting point it is assumed that mass transport in a multi-phase system can be generally described by differential equations, one for each phase. Each equation includes terms for storage, diffusion, advection, reaction and phase exchange. For two phases in general 3-dimensional space the equations can be written as: 
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SEQ MTEqn \h  MACROBUTTON MTPlaceRef (1)

where subscripts denote phases 1 and 2. c1 and c2 are the dependent variables in these differential equations, representing the concentration of one chemical species in the corresponding phase. D1 and D2 are the diffusivities, v1 and v2 the velocity vectors and λ1 and λ2 the phase-dependent linear production or consumption terms. For positive λ1 or λ2 there is production, for negative values there are losses. ( represents the volumetric share of the phase 1. If both phases cover the entire space, 
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 is the volumetric share of phase 2. The inter-phase exchange terms that represent sorption processes are denoted by q12 and q21. 
As the concentrations are usually given in [mass/volume] units, the system (1)

. (1)

 are a reformulation from the formulas given there. It should be noted that in contrast to many porous media studies, in which the solid phase is fixed, it is important here that the advective term appears in both phases. In research on the hyporheic zone the advection term for the solid phase results from sedimentation and compaction processes. Concerning reactions, linear production or consumption of the specie are considered in equation (1)

 is a generalization of the description given by Berg et al. [12] where only diffusion is considered, as represented here by the first terms on the right side of the equations. The approach is in main parts identical to the one presented by Meysman et al. [13]. Concerning storage, diffusion and advection equations (1)

 is an expression of mass conservation. The formulation 
If 
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 holds, one can reduce the system of two equations (1)

 to a single differential equation. The condition can be characterized as a chemical equilibrium. Such equilibrium is reached if the inter-phase exchange processes are fast in relation to the timescale of interest. Dealing with environmental problems in the field this condition can often be taken as fulfilled [14]. Adding both equations the exchange terms vanish:
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Equation [image: image6.emf]
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 is a single equation that contains two unknown variables. In order to close the system mathematically it is required that the equilibrium can be described by a mathematical expression, a so-called isotherm  GOTOBUTTON ZEqnNum676655  \* MERGEFORMAT . Then equation (2)

 can be re-written as an equation for a single variable:
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In equation (3)

 reduces to:(2)

. The simplification requires that the temporal and spatial derivatives of parameters are negligible. In the 1D case, which is in the focus here, the formulation (3)

 from equation (3)

 adjustment factors appear, denoted by R, Rdiff, Radv and Rreac. The subscripts indicate the process to which they are related. In the following we refer to these as R-factors. Holzbecher [15] outlines the details of the mathematical derivation and the conditions that allow the derivation of equation 
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with the R-factors given by:
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R is the retardation factor, well established and frequently used in studies on porous media. As R appears only in the storage term as coefficient of the time derivative, and because of 
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 it describes a retardation of processes, which justifies its naming. 
The term R-factor was first introduced in a study on equilibria in a chain of radionuclides [16]. Using the here used terminology he showed that nuclide transport in the 2-phase subsurface fluids is not retarded in strict sense because the factor Rreac is equal to R, which means that decay is not retarded. Holzbecher [17] extendeded the approach for general multi-process 2-phase systems leading to the additional factors Rdiff  and Radv. 

The R-factors formulas in [image: image14.wmf]/
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 three process-dependent time scaling factors can be identified: GOTOBUTTON ZEqnNum484683  \* MERGEFORMAT (5)

 provide clues about the temporal scale of the involved processes. Examining equation  GOTOBUTTON ZEqnNum454882  \* MERGEFORMAT  for diffusion, 
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 for linear reactions. If there is no diffusion in the solid phase, Rdiff is equal to 1 and diffusion is retarded by the factor R (or not if R=1). In case of no advection in the solid phase, Radv is equal to 1 and the retardation by R is valid for advection. When there is no production or degradation in the solid phase, Rreac is equal to 1 and the retardation factor R is valid concerning reactions. The concept of genuine retardation (compared to the transport described by the equation with missing R on the left side) is valid only if all other factors are equal to unity: Rdiff=Radv=Rreac=1. The derived single differential equation with R-factors thus delivers a handy tool to evaluate the relevance of the involved processes for the transport dynamics. Concerning the hyporheic zone the relevance of the R-factors is discussed below.   
In equation (5)

 are not known. The basic understanding of the relevance of processes can be obtained or improved by including the R-factors in the dimensionless formulation of the transport equation. Assuming constant coefficients the formulation is as follows [18]:(4)

 the number of parameters is reduced, in particular when the R-factors are used as lumped parameters, i.e. if the parameters given on the right hand sides or equations 
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with dimensionless space and time variables 
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 and dimensionless Peclet-(Pe) and Damköhler-(Da) numbers as coefficients. Under consideration of the R-factors these are:
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The sizes of the dimensionless numbers give clues on the relative relevance of diffusive, advective and reactive processes. The Peclet number relates advective and diffusive processes [19]. As an example the formula for Pe in (7)

 shows that if Radv is bigger than Rdiff the system is tending nearer to advection dominance than indicated by the conventional Pe number.
3 Application in the Hyporheic Zone

Aquatic sediments constitute a physical system in which diffusive and advective processes are relevant in both the fluid and the solid phase, aside from biogeochemical reactions. Bioturbation is a process that rearranges particles in both fluid and solid phases, and it is treated mathematically as an additional diffusivity in fluid phase and as diffusion in the solid phase [20]. 
Concerning the fluid and solid phases we distinguish three layers, in which the mentioned processes are of different relevance. The uppermost layer is connected with the free surface water column. Due to sedimentation there is a permanent change of the SWI. The interface is moving upwards with the sedimentation velocity, which is considered in the mathematical description, depending on the considered timescale. If the coordinate origin is located at the interface (Lagrange description) an advection term with velocity away from the SWI has to be considered in the analytical description of the solid phase. 
Diffusive processes are different in all three layers. In the upper sediments, the movement of solid particles due to bioturbation and bio-irrigation has to be taken into account, which adds a diffusion component to the solid phase. Below the reach of biological species and without solid rearrangements is what we denote as the lower sediment layer. There an advective component due to sedimentation has to be considered as well. The lowest of the three parts is the groundwater layer in which the solid material is fixed, but there usually is a stronger advection component in the fluid. 
Table 1 provides an overview on the role of the R-factors in the considered domains. The retardation factor R has to be taken into account for all species that are present in both phases. Radv, Rdiff and Rreac have to be considered in the upper sediment layer. In the lower sediment layer there are still Radv and Rreac, while in the groundwater layer only Rreac remains aside of R. 

Table 1: Presence of generalized R-factors in the description of three subdomains in aquatic sediments ('+' = present, '-' = absent)
	Compartment
	R
	Rdiff
	Radv 
	Rreac

	Upper sediment layer
	+
	+
	+
	+

	Lower sediment layer
	+
	-
	+
	+

	Aquifer
	+
	-
	-
	+


The R-factors in equations [image: image21.emf]
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contain the derivative  GOTOBUTTON ZEqnNum454882  \* MERGEFORMAT , which is the derivative of the mentioned isotherm 
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. In fluid-solid systems phase 1 denotes the fluid and phase 2 the sediments in the hyporheic zone. Identifying the fluid phase with the subscript 1, φ is the porosity. Then the isotherm expresses the concentration on the surfaces of the grains (the solid phase) as function of the concentration in the fluid. In the concerned literature on chemistry in such 2-phase systems three basic isotherms are discussed: the linear, Freundlich and Langmuir isotherms [10]. In order to simplify the issue we restrict the further description to the linear isotherm that can be written as:

[image: image23.emf]


  c2 = ρbKdc1










 

 

c

2

=r

b

K

d

c

1



SEQ MTEqn \h  MACROBUTTON MTPlaceRef (8)

with the concentration in the fluid c1 given in [mass/volume] units, and c2 the solid phase concentration, given in dimensionless mass units. As we have restricted the mathematical description to a single variable, the fluid phase concentration, the subscript 1 is skipped in the sequel. The bulk density ρb is included for unit conversion. The partition coefficient Kd with physical unit [volume/mass] is a species-specific constant for the environmental system in question [14]. The formula for the retardation factor can then be written as: 
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where the bulk density is given by 
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. In case of strong sorption (high Kd) R may exceed 1 by several orders of magnitude. The same can be said for the remaining R-factors. Re-written in terms of the linear isotherm the formula for Rreac is:
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The λ-terms represent the degradation or production in the solid (sediment) and the fluid phase. In general these can be different. The concerned species involved in biochemical degradation processes, for example, may prefer the surfaces of the solid grains or the open fluid. If both degradation rates are identical then holds: 
[image: image27.emf]
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, i.e. the reaction is not retarded. This is especially true for radionuclides for which the physical decay process is independent of the conditions in the local environment. All formulas in (5)

 give values greater or equal than 1, except the one for Radv. With the exception of the velocities all parameters are positive. Only for Radv the second term may become negative depending on the sign of the velocities.
The formula for R, the coefficient of the storage term, was already noted in equation (9)

. Here we re-formulate the derived formulas for the R-factors for the aquatic 2-phase solid/fluid environment with a linear isotherm. 
For the diffusivity Ds in the solid phase and Df  in the fluid phase the diffusion R-factor can be written as 
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. The diffusivity in the fluid phase Df  is the sum of the fluid phase diffusion Dfluid  and the diffusion due to the bioturbation Dbiot. With this one can express the formula by:
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For almost stagnant water the fluid phase diffusivity reduces to the molecular diffusivity, which for most species is in the order of 10-9 m2/s. Depending on the environment under consideration Dbiot may be smaller or exceed that value. With respect to the diffusivities the Rdiff factor takes highst values for high Dbiot, however, these are lower than R. If Dbiot is low, Rdiff approaches 1, which means that the diffusion process is not retarded (see Table 2).
Also for Radv one may assume two main contributors: the sedimentation rate vsed and the fluid velocity relative to the solid. In the hyporheic zone the latter is what in hydrogeology is referred to as groundwater recharge or discharge vgwr. The following expression results:
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In the case of groundwater recharge, i.e. fluid velocities from the surface water to the groundwater, both contributing velocities have the same direction. Then Radv values are low in comparison to R, because the velocity ratio in the formula is lower than unity. The situation is different if vgwr is negative. Then two cases have to be considered. (1) For 
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). (2) For GOTOBUTTON ZEqnNum938826  \* MERGEFORMAT (12)

 exceeds 1, and the Radv-factor becomes bigger than R (compare formula  GOTOBUTTON ZEqnNum710960  \* MERGEFORMAT  there is groundwater discharge, i.e. there is a flow from the aquifer towards the surface water body. Then again two cases have to be considered. (2a) For low groundwater discharge velocities Radv takes high absolute values, but is negative. The second term in the equation becomes negative and results in Radv being lower than 1. (2b) For high discharge velocities the velocity ratio takes small values and Radv approaches 1 from below.  

3.1 Parametric Sweeps
Using parametric sweeps we examine the steady state solutions of the three-layer model that was described above. Concentrations are normalized to the boundary value of the upper sediments, which corresponds with the surface water concentration at the SWI. A reference case is defined with an upper sediment layer of 10 cm thickness. For the lower sediment layer we chose a reference thickness of 1 m. 
In order to obtain a basic understanding of the processes and their relative importance we restrict the following modelling studies on the case of constant coefficients. All parameters of the reference case are listed in Table 2. The different layers are numbered from top to bottom. Parameter values D and v refer to the fluid phase. In the following we use numbered subscripts to identify layer-dependent parameter values. For example Rdiff1 is the diffusion R-factor for the upper sediment layer.
Table 2: Input parameters for the reference case
	Parameter
	Upper sediment layer (1)
	Lower sediment layer (2)
	Aquifer (3)

	Thickness L [m]
	0.1
	1
	2

	Diffusivity D [m2/s]
	10-8 
	10-8
	10-7 

	Velocity v [m/s]
	10-8
	10-8
	10-7 

	Retardation R 
	2
	2
	2

	R-factor Rdiff 
	1.5
	1
	1

	R-factor Radv
	1.5
	1.5
	1

	R-factor Rdecay
	1
	1
	1

	Peclet number Pe
	0.04
	1
	10


Parameter variations are performed modifying the reference case. First the thickness of the upper sediment layer L1 was varied: L1=0.04(0.02)0.12 m. The resulting concentration profiles are depicted in Figure 2. The x-coordinate represents the depth below the SWI.  
The figure clearly identifies changes of the profile curves at the layer interfaces. In the upper sediments there is only one steady state solution with a relatively small slope 
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. The concentration at the interface depends on L1. In the lower sediments c(x) has a steeper slope. With increasing L1 the profile curves are shifted to the right of the figure, i.e. deeper in the hyporhetic zone. The concentration in groundwater does not depend on L1. It is also not depending on x, which is due to the Neumann-type outflow boundary condition and due to the fact that reactions are not considered in the models that are examined here.      
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Figure 2: Concentration profiles in dependence of the thickness of the upper sediment layer
The second variation concerns the thickness of the deeper sediment layer L2=0.2(0.4)1.8 m. Figure 3 illustrates the resulting concentration profiles, in a similar manner as Figure 2.

Again changes of the profile curves at the layer interfaces are clearly visible. Here the concentrations in all layers are affected by L2. The profiles in the sediments become less steep with increasing L2. However, for thicker sediments the concentration in the aquifer is reduced.  
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Figure 3: Concentration profiles in dependence of the thickness of the lower sediment layer
The third variation concerns the effect of bioturbation. This is taken into account as an additional diffusion in the upper sediments, which is reflected in our formulation by the dimensionless Rdiff factor. In the parametric sweep we take Rdiff1=2(2)10. The resulting profiles differ slightly within the upper sediment layer. However in the lower sediment layer the differences between the profiles decrease with depth. The effect of bioturbation becomes even less recognizable with distance from the bioturbed zone. The bioturbation in the upper hyporheic zone doesn’t have any visible influence on groundwater concentrations. 

The forth variation concerns the advective terms in both sediment layers: Radv1= Radv2=1(2)9. These factors include the influences of the sedimentation velocity and groundwater recharge, as outlined above. Figure 4 shows the results of the parameter variation. 

The profiles differ substantially with respect to the Radv –factors. With increasing advective component the concentration gradient is reduced. The concentration in the groundwater layer is affected accordingly. 
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Figure 4: Concentration profiles in dependence the Radv -factors in the sediment layers
Another variation concerns the advection R-factor in the aquifer. Radv3 was chosen to take the values 3(2)9 and 12. Figure 5 depicts the results of the parametric sweep.   
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Figure 5: Concentration profiles in dependence the Radv -factors in the aquifer
The variation of Radv3 represents the drainage in the aquifer. The higher the factor the higher is the drainage, and the lower is the concentration in the aquifer. The concentration profiles in the hyporheic zone are adjust accordingly.
4 Summary and Conclusions 
A modelling approach was developed that allows the simplification of the general description of species transport in a 2-phase environment to a formulation with a single transport equation, as used for 1-phase systems. For this simplification the coefficients require adjustments, named R-factors. Conditions for the mathematical transformation were discussed in detail in a previous publication [15]. Here we treated the significance and expected range of the R-factors for the hyporheic zone. 
In order to understand the basic effects of the R-factors on the profiles of non-reacting species in the hyporheic zone a model was set up that includes three layers: the upper and the lower sediments and the underlying aquifer. Under the assumption of constant coefficients analytical solutions for concentration profiles were examined, delivering clues concerning the relevance and effects of the R-factors that relate to diffusive and advective processes (biodegradation, sedimentation, groundwater recharge or discharge). 
The presented derivation can be modified for situations with non-constant parameters. Then R-factors are parameter functions, depending on space or time. This was exemplified by Holzbecher [15] simulating a laboratory experiment with a bioturbation diffusivity that decreases with depth – an approach that physically makes sense. Similarly, varying velocities, porosities and densities could be taken into account. The abrupt changes of the concentration profiles that appear in the here shown models may then be altered to smoother transitions.
The concept of the R-factors is especially powerful in discussions using dimensionless numbers. Equations (7)

 show how the factors can be incorporated in the dimensionless Peclet- and Damköhler numbers, which are often used for an estimation of the relative importance of the different processes. 
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