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Preface

Sediments are an important feature of natural water bodies. The physical, chemical,
and biological processes that take place are critically in�uenced by their presence. A
primary interaction is the exchange of solutes between the sediment and the overly-
ing water. The �ux � the transport of mass � of dissolved and particulate chemical
species to and from the sediments are important components of the chemical and
biological cycles that take place. For example, the consumption of dissolved oxygen
by organic matter that settles to the sediment in the spring is usually the primary
cause, or at least an important cause, of summertime oxygen depletion in the bot-
tom waters of lakes and estuaries. The cycling of nutrients and metals are controlled
to a signi�cant extent by processes in sediments. In particular the degree to which
they are either trapped or transformed in sediments determines the extent to which
they continue to interact with the water column. Dissolved nutrients are returned
to the water column where they can be reused by the biological community. Dis-
solved toxic metals that recycle to the water column are almost always more toxic
than their particulate counterparts in the sediment. It is the degree of remobilization
that determines the extent to which materials stored in sediments: e.g., organic mat-
ter, inorganic phosphorus, toxic and non-toxic metals, become available to interact
chemically and biologically in the water column. It determines the extent to which
the consequences of historical discharges to water bodies � the materials stored in
the sediments � can still exert an in�uence.

This book addresses the problem of mathematically modeling the processes in
sediments that determine the extent to which materials that settle to the sediment
are recycled to the water column. It is the �ux of materials to and from the water

xv
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column that is the primary focus of this book. The substances considered are the
nutrients: ammonia, nitrate, phosphate, and silica� dissolved oxygen� and the metals:
calcium, manganese, iron, and cadmium. They were chosen primarily because of
their importance in water quality problems: eutrophication and its consequences (N,
P, Si), low dissolved oxygen with its attendant severe biological impacts� excessive
concentrations of toxic metals (Mn, Cd), and for their importance to other processes
(Ca, Fe).

The modeling philosophy employed is one of parsimony,� sometimes referred to
as Occam�s razor.� Thus, for the most part, we adopt a two-layer rather than a many-
layer representation of the sediment. Also we approximate some complex processes
with empirical formulations in order to proceed, and then evaluate the consequences.
An important component of the model building exercise is the constant reliance on
high quality, large data sets, the sources of which are speci�cally acknowledged
below. In fact, most of the effort is spent in an interplay of model formulations and
data comparisons.

The mathematical methods employed are algebraic equations for the steady state
models, and ordinary differential equations for the time variable models, for which
an appendix is provided. With the exception of a few illustrative solutions, the dif-
ferential equations are approximated by �nite differences and solved numerically. A
unique feature is the use of MACSYMA, a symbolic computational program to pro-
duce analytical solutions of the algebraic equations. This is such a useful, powerful,
and necessary technique that a brief introduction to MACSYMA programming is in-
cluded in an appendix. In addition, the actual MACSYMA inputs and outputs are
listed throughout the book. This should provide an excellent starting point for de-
veloping a facility with this most useful of tools. The majority of the more complex
models, especially the metals models, could not have been developed without this
aid.

Also included in the appendices are the data used for the model calibrations and
applications. It is likely that the data will ultimately prove to be more enduring, as
the models are superseded. No small effort is required to assemble large data sets �
not to mention the effort to collect them � so these tables should prove to be useful
in themselves. The FORTRAN code for the steady state model is also provided. It
can be used for applications of the model to other data sets and to provide the basis
for the development of improved and more general models.

The book is divided into six parts and two appendices, listed below. Part I, com-
prising the �rst two chapters, presents the necessary background information: the
physical, chemical and biological facts that are directly relevant to sediment pro-
cesses. Mass balance models are introduced and applied to simpli�ed situations.
The mathematical and MACSYMA appendices conclude the presentation.

��Everything should be made as simple as possible, but not simpler.� Albert Einstein (1879�1955)
��Entities should not be multiplied unnecessarily.� William of Occam (1300�1439)
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Part Part

I Preliminaries IV Time Variable Model
1. Properties of Sediments 12. Diagenesis
2. Model Formulation 13. Mass Transport

II Nutrients V Model Calibration
3. Ammonia 14. Chesapeake Bay
4. Nitrate 15. MERL, LI Sound, Lake

Champlain
5. Steady State Model 16. Steady State and Time

Variable Behavior
6. Phosphorus VI Metals
7. Silica 17. Calcium and Alkalinity

III Oxygen 18. Manganese I
8. Oxygen Equivalents 19. Manganese II
9. Sul�de 20. Iron
10. Methane 21. Cadmium and Iron
11. Sul�de and Methane A Data Tabulations

B Computer Program

Part II, comprising �ve chapters, presents the steady state models for nutrients.
Ammonia and nitrate �ux models are considered in Chapters 3 and 4. A general
steady state model is formulated and analyzed in Chapter 5. Phosphate and silica
�ux models are considered in Chapters 6 and 7. Of particular interest is the failure
of the phosphate model to reproduce observed anaerobic �ux rates, which points
directly to a time variable effect.

The four chapters of Part III are devoted to modeling oxygen �uxes. Modeling
sediment oxygen demand (SOD) has been a preoccupation of mine for many years.
The chapters chronicle the progression of models from a formulation that focuses
solely on oxygen equivalents (Chapter 8), to the explicit consideration of the oxi-
dation of reactive intermediates: sul�de (Chapter 9) which predominates in marine
sediments, and methane (Chapter 10) in freshwater sediments. Chapter 11, which
considers both by explicitly modeling sulfate uptake, concludes the presentation.

All the models in Parts II and III are steady state models. They are very instruc-
tive and quite successful in some cases. However, modeling the seasonal variation
of �uxes requires a time variable formulation. Part IV begins with Chapter 12 that
presents the kinetic model for the organic matter diagenesis. The �three G� model
of Westrich and Berner� is used, which divides the organic matter into three reac-
tivity classes in order to model properly the differing time scales of organic matter
mineralization. Chapter 13 presents the structure of the time variable version of the

�Berner (1980),Westrich and Berner (1984)
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model. Included are the formulation for particle mixing due to benthic organisms
(bioturbation), and the use of a benthic stress surrogate in order to include the effect
of low (or zero) dissolved oxygen on the benthos.

Part V presents the calibration and applications of the model. The calibration of
the time variable model to the Chesapeake Bay data set is presented in Chapter 14.
In Chapter 15 the model is applied to three additional data sets, initially with no
change in any of the model parameters. For the MERL data set, the model succeeds
and fails in interesting ways, pointing to the strengths and weaknesses of the model
and the price that is paid for simplicity. Two smaller but still instructive data sets are
examined, Long Island Sound and Lake Champlain. The latter is an application of
the model to a freshwater lake. The chapter concludes with a summary table of all
the model parameters used in each application, together with sets from other appli-
cations. There is almost no variation with the exception of the phosphate partitioning
coef�cients, which points out the need for a more general formulation. Part V ends
with Chapter 16 that revisits the steady state model, applying it to all the data sets,
and using it to perform a number of sensitivity investigations. It ends by examining
what controls the time to steady state for the time variable model, a question of great
practical importance when the model is being used to examine remedial alternatives
as part of a coupled water column-sediment model.

Part VI presents the models for metal �uxes. These are considerably more com-
plex than the nutrient �ux models because of the changing redox states for man-
ganese and iron. Both oxidized and reduced manganese and iron need to be modeled
explicitly. As a prelude, a simple model of calcium and alkalinity �ux is consid-
ered in Chapter 17. The novel feature is explicitly considering calcium carbonate
formation. This produces the �rst nonlinear set of algebraic equations for which
MACSYMA is required. Manganese �uxes were also measured during the MERL
experiments, which were analyzed in Chapter 15, and a model is formulated and
applied to these observations in Chapters 18 and 19. In Chapter 18 the normal pro-
gression is followed, a steady state model followed by a time variable analysis. The
in�uence of pH on the oxidation rate of Mn(II) is examined. In Chapter 19, an
explicit model of the overlying water column is included with the same oxidation
kinetics. This is an interesting model, since the coupled behavior is most instructive.
This is followed by an iron �ux model in Chapter 20, which is calibrated using �eld
data from a lake and a reservoir.

Chapter 21 presents a model for cadmium in sediments. Unlike the preceding
models, it is no longer two-layer, but rather examines the vertical distribution of
sediment and pore water constituents. It focuses on the oxidation of cadmium sul�de
and the liberation of dissolved cadmium to the pore water as well as the overlying
water. The motivation for its construction is to aid in understanding the toxicity of
metals in sediments. It uses a multilayered structure and it is the most complex of
the models discussed.

The book concludes with two appendices that contain tabulations of the calibra-
tion data, a listing of the sediment �ux model, and a listing of the mathematical
nomenclature. The �ux data from the Chesapeake Bay stations are tabulated. Pore
water data from a much earlier study are also included. The MERL nutrient addition
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study data including the manganese data, and the Lake Champlain data complete the
presentation.

I hope this book will be of use to anyone with an interest in sediments. It provides
an exposition of sediment �ux models for the water quality modeling community.
It can be thought of as the next step to books that discuss surface water quality
modeling: Thomann and Mueller (1987), Schnoor (1996), and Chapra (1997).

DOMINIC. M. DI TORO

Englewood, NJ and Well�eet, MA
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