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1. Project Summary 

Understanding and predicting mass transfer coupled with solute transport in permeable 
media is central to several energy-related programs at the US Department of Energy (e.g., 
CO2 sequestration, nuclear waste disposal, hydrocarbon extraction, and groundwater 
remediation).  Mass transfer is the set of processes that control movement of a chemical 
between mobile (advection-dominated) domains and immobile (diffusion- or sorption-
dominated) domains within a permeable medium.  Consequences of mass transfer on 
solute transport are numerous and may include (1) increased sequestration time within 
geologic formations; (2) reduction in average solute transport velocity by as much as 
several orders of magnitude; (3) long “tails” in concentration histories during removal of 
a solute from a permeable medium; (4) poor predictions of solute behavior over long time 
scales; and (5) changes in reaction rates due to mass transfer influences on pore-scale 
mixing of solutes.   
 
Our work produced four principle contributions: (1) the first comprehensive visualization 
of solute transport and mass transfer in heterogeneous porous media; (2) the beginnings 
of a theoretical framework that encompasses both macrodispersion and mass transfer 
within a single set of equations; (3) experimental and analytical tools necessary for 
understanding mixing and aqueous reaction in heterogeneous, granular porous media; (4) 
a clear experimental demonstration that reactive transport is often not accurately 
described by a simple coupling of the convection-dispersion equation with chemical 
reaction equations.  The work shows that solute transport in heterogeneous media can be 
divided into 3 regimes – macrodispersion, advective mass transfer, and diffusive mass 
transfer – and that these regimes can be predicted quantitatively in binary media.  We 
successfully predicted mass transfer in each of these regimes and verified the prediction 
by completing quantitative visualization experiments in each of the regimes, the first such 
experiments that show mass transfer in porous media in great detail.  Experimental and 
theoretical work in media with pore-scale heterogeneity showed the temporal scale-
dependency of mass transfer.  Extension of the work into reactive transport, where mass 
transfer is very important to mixing, suggests a number of promising research directions 
for constructing better models of reactive transport and provides the experimental tools to 
develop and test these models.  In particular, it is important to determine how the 
different solute spreading mechanisms in heterogeneous conductivity fields  affect the 
rate and spatial pattern of chemical reaction.   
 
The project was conducted collaboratively between Oregon State University, Sandia 
National Laboratories, and the Massachusetts Institute of Technology.   While each 
institution is submitting a copy of this final report for administrative purposes, the report 
is the largely the same since the project was a joint effort. 
 
This final report will outline the results of work completed and summarize publications 
and presentations.  Manuscripts published or in press are attached, and subsequent 
publications will follow once published. 
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2. Work Completed 

Our work over the last several years has addressed two fundamental questions in 
hydrogeology: (1) Under what conditions is solute spreading best modeled by Fickian 
dispersion and under what conditions is it best modeled as mobile-immobile domain mass 
transfer? (2) How do chemicals mix so that they react in natural porous media?  These 
questions are intimately connected, as pore-scale mixing, reaction and large-scale 
spreading profoundly affect one another.  We have approached the questions through a 
combination of laboratory experiments, numerical simulation, and analysis of data from 
the literature.  Our initial work has focused on understanding the role of diffusion on 
conservative transport and mass transfer in heterogeneous material, and our recent 
experiments have considered homogenous chemical reactions in both homogeneous and 
heterogeneous media. 

Our results indicate inadequacies with conventional understanding, and point 
towards better models of solute mixing and reaction.  We have developed visualization 
techniques that use visible light to reveal chemical behavior within heterogeneous media 
in unprecedented detail.  For example, our results indicate that under some conditions 
conventional reactive-transport models overestimate the degree of chemical reaction 
because the reactants do not mix at the pore-scale; however, in other cases, product 
formation is greatly enhanced relative to conventional models because reaction creates 
density fingering that further increases mixing and reaction.  We believe we have only 
begun to explore how the novel visualization techniques we have developed may be used 
to reveal important processes in porous media.  Below we describe our results in sections 
corresponding to individual research papers either published, in press, submitted, or in 
preparation. 

2.1. “When Good Statistical Models of Aquifer Heterogeneity Go Bad: 
A Comparison of Flow, Dispersion, and Mass Transfer in Connected 
and Multivariate Gaussian Conductivity Fields”, B. Zinn and C. 
Harvey”, Water Resources Research, 39(3), 
doi:10.1029/2001WR001146, 2003. 
Detailed numerical simulations show that rate-limited mass transfer between mobile and 
immobile regions best describe solute mixing and spreading in aquifers with geologically 
realistic flow paths, even though the characteristics of these aquifers may have the same 
spatial statistics used in widely known stochastic theories that predict dispersive 
spreading. These results suggest that information on the connectedness of geologic media 
may be necessary not only to choose parameters for flow and transport models, but also 
to choose the form of the transport model.  Particle tracking simulations were conducted 
in heterogeneous conductivity fields that share the same conventional spatial statistics 
(Figure 1), but have very different patterns of connected high and low conductivity 
values.  Under many existing stochastic theories, these fields are identical in their 
predicted upscaled flow and solute transport behavior.  However, we found dramatically 
different flow and transport behaviors.  Fields with connected high conductivity regions 
had larger effective conductivity (contrary to Matheron’s conjecture [Matheron, 1967] of 
the geometric mean for 2D fields), larger effective dispersivities, and produced solute 
tailing that could not be modeled with a Fickian description, but was accurately 
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reproduced by a physical mass transfer 
model.  Under many conditions, this 
mass-transfer was primarily by 
convection, not diffusion. 

2.2. “What Controls the Apparent 
Timescale of Solute Mass 
Transfer in Aquifers and Soils?  A 
Comparison of Diverse 
Experimental Results,” R. 
Haggerty, C. Harvey, C. Freiherr 
von Schwerin, and L. Meigs, 
Water Resources Research, in 
press, 2004. 
This paper investigates how solute 
mass-transfer rate coefficients, 
estimated from field and laboratory 
experiments, depend on the 
groundwater velocity and the duration 
of the experiment, and it presents a 
mathematical model that incorporates 

this effect over multiple timescales.  We find that the estimated rate coefficient depends 
strongly on the duration of the experiment, and weakly on the groundwater velocity.   We 
tabulated 312 solute transport experiments reported in 34 papers and compared estimated 
mass-transfer parameters to the velocities, convective residence times, and the timescales 
over which the experiments were conducted (one of these comparisons is shown in 
Figure 2).  We also conducted a series of tracer experiments, in which the velocity and 

the convective residence 
time were varied 
independently by using 
columns of different 
lengths packed with the 
same material.  In both 
the new experiments and 
those reported in the 
literature, the estimated 
mass transfer timescale is 
weakly correlated to 
velocity, but it is strongly 
correlated to the solute 
residence time, the 
experimental timescale 
times the estimated 
immobile/mobile capacity 
coefficient (i.e., 
dimensionless Kd).  This 
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Figure 2.  A scatter plot of estimated mass transfer timescale (inverse 
of rate coefficient) vs. duration of the experiment from 312 laboratory 
and field experiments showing a clear correlation to flow and 
transport properties.  Symbol shape indicate different types of 
experimental designs.  Red indicates sorbing tracers, black 
nonsorbing tracers. 

 
 
Figure 1. A multivariate Gaussian conductivity 
field (the texture typically assumed in stochastic 
theories of flow and transport) and a field with 
connected high conductivity channels.  Both field 
share the same log-normal histogram, and the same 
isotropic spatial covariance function, and hence are 
predicted to have the same flow and transport 
properties.   
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result is consistent with an explanation of aquifer and solid material that produces 
multiple timescales of mass transfer – as the solute resides in the material for longer 
durations, it experiences mass-transfer processes that occur over longer time scales.  The 
strength of the relation across many experiments is stronger than the well-known 
comparison (for space rather than time) of estimated dispersivities to length scale of the 
experiment [e.g., Neuman, 1990; Gelhar et al., 1992].  Thus, this work may be viewed as 
a temporal analogy to previous work comparing dispersivities across experiments of 
different length scales. 
 

2.3. “Examination of Late-Time Breakthrough Behavior in a Non-Uniform 
Porous Medium,” C. Freiherr von Schwerin, R. Haggerty, and L. C. Meigs, to 
be submitted to Water Resources Research. 
In this paper we report the results of several column experiments examining late-time 
breakthrough behavior in a non-uniform porous medium containing a mixture of grain 
sizes.  Grain size distribution, grain shape, and measurements of diffusion rates in the 
porous medium allowed us to accurately predict a power-law late-time mass transfer 
behavior which is consistent with the mass transfer scaling behavior reported by 
Haggerty et al. (submitted).  The experimental methodology we developed shows that 
mass transfer scaling behavior (and therefore diffusion timescales important to reactive 
transport) can be quantified and predicted by measuring the tails of breakthrough curves 
in different experiments conducted over multiple velocities.  The late time behavior is 
then reassembled in a single, unified model of mass transfer over multiple timescales. 

2.4. “Laboratory Visualization of Solute Transport in Heterogeneous Porous 
Media” B. Zinn, C., L. Meigs, C. Harvey, C. Freiherr von Schwerin, and R. 
Haggerty, in review, Environmental Science and Technology. 
This paper details the experimental method used to visualize conservative solute transport 
in heterogeneous porous media, and explores the conditions under which bulk solute 
spreading may be modeled as dispersion or as mass-transfer, then further explores the 
conditions under which the mass transfer is due to convection or diffusion.  In the figure 
below (Figure 3), pure water displaces water colored with a conservative red dye in a 
bead-filled chamber.  As the tracer is flushed from the more permeable regions, some is 
left behind in circular low-permeability inclusions of very fine beads.   Each column of 
panels in the figure corresponds to a lower permeability (bead size) in the low 
conductivity inclusions.  In the first experiment (column A), the ratio of high to low 
conductivity is 6 and the bulk breakthrough is modeled accurately with the convective 
dispersive equation.  In the second experiment (column C) the conductivity ratio is 300, 
and the flow velocities and diffusion coefficients lead to slow convective transfer of 
solute from the low permeability inclusions, a phenomena, we label "advective mass-
transfer", that is rarely considered in transport models, but which we argue is common in 
nature.  The breakthrough curve from the chamber has an long dilute tail indicative of 
rate-limited mass transfer, but it can not be fit accurately with a standard first-order of 
diffusive mass transfer model.  Rather, convection through low permeability regions must 
be explicitly modeled.  In the third experiment (column B) the conductivity ratio is 1800 
and the solute slowly diffuses out of the low conductivity inclusions, and the resulting 
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breakthrough curve is very well fit by the standard model for diffusion to and from 
cylindrical immobile regions.  Through a detailed set of numerical experiments, this 
paper maps boundaries in parameter space that delineate the conditions where solute 
spreading during transport is best modeled as dispersion, convective mass transfer, and 
diffusive mass transfer, in binary conductivity fields. 

2.5. “Reactive transport in porous media:  a comparison of model 
prediction with laboratory visualization,” C. Gramling, C. Harvey, and L. 
Meigs, Environmental Science and Technology, 36(11), 2508-2514, 2002. 
We present methods for using colorimetric chemical reactions to accurately image 
changing concentrations during reaction in porous media experiments.  Copper and 
EDTA ions combine to form a blue product in a chamber filled with cryolite sand, a 
mineral that closely matches the index of refraction of water so that optical dispersion is 
minimized when the sand is saturated with water.  This colorimetric reaction enables us 
to distinguish product from reactants, and quantify their concentrations, throughout the 
experimental chamber. The results show that the conventional coupling of chemical 
reaction equations with the convective-dispersive equation may overpredict the degree of 
chemical reaction. The dispersive process observed with conservative dye tracers does 

 
 
Figure 3.    Solute concentrations imaged in 40x20x0.7 cm glass chambers filled with glass beads where 
light absorbance measured by cooled CCD camera is converted to concentration by Beer's law.  Videos of 
these experiments are available at http://web.mit.edu/harvey-lab/www/Regimes_Page/movs.html, and will 
eventually be packaged for general use. 
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not accurately represent pore-scale mixing because dispersion represents growth in the 
variance of concentration averaged over the entire plume, not the actual concentration in 
pores.  At the pore-scale, reactants may remain separated in nearby pores.  

2.6. "Reactive Transport in Heterogeneous Porous Media" P. Oates, C. 
Freiherr von Schwerin, B. Zinn, C. Harvey, and L. Meigs,  to be submitted to 
Water Resources Research 
The final set of experiments we are currently conducting combine the heterogeneous 
porous media chambers described in Zinn et al. (in preparation) with the colorimetric 
reactions described in Gramling et al. [2002] and Oates et al.  This experimental set-up 
allows us to directly visualize the combined effects of heterogeneous flow fields and 
chemical reaction.  We have developed a method for quantifying local-scale and pore-
scale mixing by comparing the reactive transport results directly with the conservative 
dye experiments without resorting to models or the flow and transport equation. From the 
conservative dye experiment (Figure 4), we can obtain a macrodispersion coefficient and 
use it to calculate how much reaction would be predicted from conventional coupling of 
the convective-dispersion equation with chemical reaction. Additionally, because we 
directly image solute concentrations at every location, we can use the dye tracer 
experiments to directly calculate the concentrations of reactants and then solve the 
chemical equilibrium equations at every location to predict the concentration of product. 
Comparing these two product predictions to the actual reaction experiment allows us to 
understand chemical segregation at both the local, Darcy, scale and the pore-scale. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  A raw image of reactive mixing in the low conductivity contrast heterogeneous chamber (left) and 
processed images of the temporal evolution of light absorbance in the intermediate conductivity contrast 
heterogeneous chamber (right). For the intermediate conductivity contrast, an initial reaction zone passes 
through at the plug flow velocity, then reaction continues in the lower--k inclusions as the residual reactant is 
slowly advected in to the displacing reactant. 
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2.7. "Induced Density Fingering by Solute Reaction in Porous Media," P. 
Oates, C. Freiherr von Schwerin, C. Harvey, and L. Meigs,  to be submitted 
to Journal of Fluid Mechanics 

This manuscript presents the 
results of a set of recently 
completed experiments that 
corroborate Gramling et al.'s 
[2002] result of reduced 
reaction for fast velocities, 
but also reveals an exciting 
new process in porous media 
whereby chemical reaction is 
greatly enhanced compared 
to conventional models.  We 
show that when flow 
velocities are slow, reaction 
can create density fingering 
that greatly increases mixing 
and furthers reaction (Figure 
5).  The phenomena is 
similar to the mixing caused 

by double-diffusive convection but also occurs where conventional models would predict 
a stable interface.  The instability is caused by the creation of a high molecular weight 
product that is slow to diffuse, and hence creates a high density band at the interface of 
the reactants. This dense band then sinks as fingers, greatly increasing the area of the 
interface between the two reactants across which the reactants diffuse, mix and form 
more product.  In this set of experiments, we used a complexation reaction between an 
organic ligand, Tiron, and molibdate instead of between EDTA and copper.  The 
resulting complexes have a much darker color than CuEDTA, and this reaction eliminates 
the problem that dissolved copper ion has a blue tinge as well as it's product CuEDTA.  
We have also written a second manuscript (A Colorimetric Reaction to Absorb Light on 
Fluid Mixing, P. Oates, E. Slaby, and C. Harvey, to be submitted to Experimental Fluids) 
that quantifies the thermodynamic coefficients for the Tiron-Molybdate reactions and the 
light absorption properties of the products.  

3. Papers & Presentations 

3.1 Publications Published, in Review, and in Preparation 
Freiherr von Schwerin, R. Haggerty, and L. C. Meigs, Examination of late-time 

breakthrough behavior in a non-uniform porous medium, in preparation to be 
submitted to Water Resources Research. 

Gramling, C., Harvey, C.F. and Meigs, L., Reactive transport in porous media:  A 
comparison of model prediction with laboratory visualization, Environmental 
Science and Technology, 36(11), 2508-2514, 2002. 

Figure 5.  Density finger at times, 0, 21, 41, 65, 138, 169, and
236 hr after flow has been stopped with the reaction front
midway through the chamber.  The color represents integrated
absorbance over the visible spectrum, a quantity that increases
monotonically with the concentrations of product.

Lighter Molybdate displaced
by heavier Tiron

Lighter Tiron displaced by
heavier Molybdate
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Haggerty, R., C. F. Harvey, C. F. von Schwerin, and L. C. Meigs, What controls the 
apparent timescale of solute mass transfer in aquifers and soils?  A comparison of 
diverse experimental results, Water Resources Research, in press, 2004. 

Oates, P., C. Freiherr von Schwerin, C. F. Harvey, and L. C. Meigs, Induced density 
fingering by solute reaction in porous media, in preparation to be submitted to 
Journal of Fluid Mechanics. 

Oates, P., C. Freiherr von Schwerin, B. A. Zinn, C. F. Harvey, and L. C. Meigs, Reactive 
transport in heterogeneous porous media, in preparation to be submitted to Water 
Resources Research. 

Zinn, B. A., and C. F. Harvey, When good statistical models of aquifer heterogeneity go 
bad:  A comparison of flow, dispersion and mass transfer in multigaussian and 
connected conductivity fields, Water Resources Research, 39(3), 
doi:10.1029/2001WR001146, 2003.  

Zinn, B. A., L. C. Meigs, C. F. Harvey, C. Freiherr von Schwerin, and R. Haggerty, 
Laboratory visualization of solute transport in heterogeneous porous, in review, 
Environmental Science and Technology. 

 

3.2 Abstracts 
Freiherr von Schwerin, C., and R. Haggerty, Experimental examination of late-time 

breakthrough behavior in a non-uniform porous medium, Eos Transactions, 82, 
2001.   

Gramling, C. M. and C. F. Harvey,:  An experimental investigation of reactive transport, 
accepted for, Bridging the Gap between Measurement and Modeling in 
Heterogeneous Media,  International Groundwater Symposium organized by IAHR 
and co-sponsored by IAHS, AGU, and ASCE/EWRI, 2002 

Gramling, C. M. and C. F. Harvey, Reactive transport:  A Comparison of experimental 
and modeling results, Eos Transactions, 81(48), F458, 2000. (Awarded best student 
presentation in hydrology.) 

Harvey, C. F. and B. A. Zinn, Flow and transport in connected, disconnected and 
multigaussian fields, in Bridging the Gap between Measurement and Modeling in 
Heterogeneous Media,  International Groundwater Symposium organized by IAHR 
and co-sponsored by IAHS, AGU, and ASCE/EWRI, 2002. 

Harvey, C. F., Solute transport and reaction in groundwater, Geological Society of 
America annual meeting, November, 2003.   

Zinn, B. A. and C. F. Harvey, When is solute spreading described by dispersion, and 
when is it described by mass transfer? A comparison of upscaled solute transport 
behavior in multigaussian and well-connected conductivity fields, Eos Transactions, 
81(48), F410, 2000. 

3.3 Web, Theses, and Other Publications 
Freiherr von Schwerin, C., Experimental examination of late-time break-through 

behavior in a non-uniform porous medium, M. S. thesis, Oregon State University, 
Corvallis, Oregon, 2002. 
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Oates, P. M., C. F. Harvey, C. Freiherr von Schwerin, L. C. Meigs, and R. Haggerty, 
Reactive Upscaled Subsurface Transport Using Mass Transfer, Partitioning, and 
Dispersion, http://web.mit.edu/harvey-lab/www/sub.html. Current as of 1/7/04. 

Zinn, B. A., C. F. Harvey, L. C. Meigs, R. Haggerty, C. Freiherr von Schwerin, and W. 
Peplinski, Regimes of Transport Movies, http://web.mit.edu/harvey-
lab/www/Regimes_Page/movs.html.  Current as of 1/7/04. 

Zinn, B. A., and C. F. Harvey, Particle Tracking Simulations: Demonstrating Tailing 
Driven by Advection and Diffusion, http://web.mit.edu/harvey-
lab/www/Particle_Page/particles.html. Current as of 1/7/04. 

Zinn, B. A., Mass transfer and dispersion processes in connected conductivity structures: 
Simulation, visualization, delineation, and application, PhD dissertation, 
Massachusetts Institute of Technology, 167 p., Cambridge, Massachusetts, 2003. 

 


