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ABSTRACT. We present a theory for the decay of sedimentary or-
ganic matter made of a spectrum (a continuous distribution of an
infinite number) of reactive types which can be characterized by a
variable function of the decay constant, k. A fundamental property of
the continuum theory is that it can generate an apparent order of
reaction for the decay of the total mixture greater than one. The
apparent order is related to the predominance of the more refractory
components of the continuum relative to the more reactive.

A Gamma distribution of reactivities is a particularly valuable
model for the initial distribution, g(k, 0). The Gamma distribution,
gk, 0) = g.k"'e */T'(v), is characterized by two free parameters, “a” and
v where “a” measures the average life-time of the more reactive compo-
nents of the mixture and v is a nondimensional parameter solely related
to the shape of the distribution near k = 0 (and I'( ) is the Gamma
function).

Analysis of the experimental data reported in Westrich and Berner
(1984) illustrates that the continuum model, based on the Gamma
distribution, requires half as many parameters as the traditional multi-
exponential model. This analysis indicates that the decay reaction is
characterized by v = 0.125 (equivalent to an a%parent 9th order reac-
tion). A similar treatment of nine organic C profiles from the historical
zone of various shallow and deep-water sediments shows that these
cores can be divided into two groups. The larger group of five profiles
displays v values that range primarily from 0.1 to 0.2 (6th—11th order).
A second group of three cores is characterized by v = 1.0 (apparent 2nd
order reactions), but two of these cores may contain data from the
mixed zone or may not be at steady state. The apparent order of the
experimental data agrees with that of the first group of profiles and
suggests that there may be an important similarity to such data over
broad spatial/time scales. In addition, we also examined the decay of
Westrich’s (1983) hypothetical 8-component organic matter and found
that it can be represented with v = 0.1 (11th order). If this similarity in v
values is substantiated by further studies, it would be a valuable tool in
theoretical studies. Though the data set is small, the analysis also
suggests that the parameter “a” varies systematically with the sedimen-
tation rate.

In the mixed zone of marine sediments, the continuum model
generates rather complicated integrals for the organic matter concentra-
tion profiles. In general, these integrals are amenable to numerical
methods only. They will, however, reduce to analytically manageable
forms, if the mixed zone can be assumed to extend to infinity and
advective transport ignored.

The theory of reactive continuums suggests, in general, that a
standard Arrhenius plot of log, (rate) versus T ' (T = absolute tempera-
ture) will curve upward with falling T™'. However, we have found that
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because of the restricted temperature range normal to sedimentary
environments, this plot will exhibit little deviation from linearity.
Therefore, a single apparent activation energy, E g, for the decay of the
total mass can be calculated from the slope of such a plot.

INTRODUCTION

It is widely recognized and acknowledged that the decay (oxidation)
of natural organic matter is a primary, if not the dominant, process
leading to diagenetic changes in marine sediments (Berner, 1974, 1980;
Froelich and others, 1979; Emerson and others, 1980). This process
determines not only the amount and “quality” of organic matter pre-
served in sediments, but also the extent of nutrient remineralization and
fluxes from sediments and the formation of authigenic mineral phases
such as metal sulfides. It is, therefore, not surprising that considerable
effort has been expended to arrive at quantitative models that can
account for laboratory measured kinetics of this process or to infer its rate
from geochemical data.

The first mathematical model for organic matter diagenesis in ma-
rine sediments originated with Berner (1964). His formulation stated
simply that the rate of disappearance by decay was proportional to the
concentration of organic matter, G,

dG— kG 1
dt__ ()

where tis time and k is an empirical rate constant for net decay. A similar
first-order model for organic matter decay was developed (or implied)
quite independently by soil scientists and marine biologists working in
different environments ( Jenny and others, 1949; Olson, 1963; Minder-
man, 1968; Flanagan and Bunnell, 1976; Hunt, 1977). This formulation
ignores the influence of the oxidant concentration, which is the normal
procedure for diagenesis (Berner, 1980).

While eq (1) has enjoyed success in describing some data (Berner,
1964), most analyses of decay experiments (Westrich and Berner, 1984;
Grant and Hargrave, 1987; Pett, 1989) and determinations of in situ
decomposition rates ( J¢rgensen, 1978; Berner, 1980, 1981; Miiller and
Mangini, 1980; Wapples and Sloan, 1980; Pelet, 1984) have concluded
that a simple first-order dependence on the concentration of total or-
ganic matter, G, was not consistent with the observations. Specifically, the
overall rate of decay was seen to diminish slower than predicted by eq (1),
and G appeared to reach a positive non-zero asymptote as time (or depth)
increased. Equivalent behavior was apparent during organic matter
decomposition in soils and freshwater sediments (Jewell, 1971; Godshalk
and Wetzel, 1978).

To explain this discrepancy, it was suggested that the organic matter
was composed of a variety of discrete organic matter types that differed in
amount and reactivity, but that each component followed a first-order
decay as given by eq (1) (Jorgensen, 1978; Berner, 1980; Westrich, ms;
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Westrich and Berner, 1984; but also Minderman, 1986; Parnas, 1975;
Bunnell, Tait and Flanagan, 1977; Smith, 1979)

T -kG; (2)

where G, is the concentration of the i-th reactive component, and k; is the
corresponding decay constant, which varies from some maximum value
to zero for the refractory component. Thus, the total organic matter
concentration changes as

dt == E kG, (3)

where n is the total number of reactive types.

This approach is not without its own flaws. The number of reactive
types and their associated k-values must be determined empirically as
curve fitting parameters. This procedure is open to at least two avenues
of criticism. Middelburg (1989), reviving the analysis of van Liew (1962),
points out correctly that the graphical analysis performed to extract the
number of reactive types and their reactivities will result in the identifica-
tion of two or three types from a given data set regardless of the actual
number involved. The fact that the eight reactive types identified ulti-
mately by Westrich (1983) differ in reactivity by almost exactly an order
of magnitude strongly suggests that this difference is in part a function of
the selectivity of the method of analysis (or the experimental system) than
an inherent property of the distribution of organic matter types. In
addition, it is essentially impossible to identify a specific organic sub-
stance (or even coherent groups of substances) with the empirically
defined reactive types. The strongest argument in favor of the multiple-G
model is its conceptual and mathematical simplicity.

Westrich (ms) and Middelburg (1989) both recognized that as an
alternative to the discrete multiple-G model, one could assume instead
that k was a continuously varying parameter and that there existed a
spectrum of reactive types, that is, an infinite number. Westrich (1983)
did not pursue this proposal because of the mathematical difficulty
presented by the continuum model. Middelburg (1989) interpreted the
continuum alternative to imply a continuous and direct dependence of
the rate constant, k, on time, t. Although Middelburg’s treatment leads to
informative and pleasing correlations, we cannot sanction this approach.
The apparent reactivity of a continuum mixture of organic matter types
is a function of the changing composition of the mass with time, not time
itself. Creating a functionality directly based on time severs the mechanis-
tic link between the properties of the organic matter and the rate of
decay. The ambiguous meaning of time, or more specifically age, for
organic matter at a given depth in a sediment that has been subject to
bioturbation is also extremely bothersome.

A more suitable implementation of the continuum hypothesis is
available in the form of the theory of reaction in continuous mixtures as
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advanced by Aris and Gavalas (1966), Aris (1968, 1989), Hutchinson and
Luss (1970), Ho and Aris (1987), and Krambeck (1988). According to this
theory, the organic matter is described by a distribution function, g(k, t),
which gives the amount or concentration of organic matter having
reactivities between k and k + dk at time t. Each of the infinite reactive
types characterized by a given value of k undergoes a decay reaction,
which we assume to be first-order. The total amount of organic matter as
a function of time is then the integral of the distribution, g(k, t), over all
possible values of k. Apparently unaware of the work of Aris (1968), this
approach was developed independently by Carpenter (1981, 1982) and
Bosatta and Agren (1985) in their studies of soil organic matter decay.

It is the aim of this paper to develop the theory of reactive continu-
ums as it applies to organic matter diagenesis in marine sediments. In so
doing we will explore the properties and implications of this model. We
will also apply the model to experimental and natural data sets to
evaluate not only its practical utility, but also to determine if it can
identify fundamental properties of the organic matter decomposition
process that are not obvious from the multi-G model.

KINETICS OF A REACTIVE CONTINUUM

General properties.—As stated above, the basic premise of the contin-
uum theory is the existence of a spectrum of reactive types characterized
by a distribution function, g(k, t), which determines the concentration of
organic matter having reactivities between k and k + dk (where dk is in
infinitesimal increment in k). If each reactive types undergoes a first-
order decay reaction', then g(k, t) will change with time according to the
decay equation

dg(k, t)
= = ksl )

which has as its familiar selution

" gk, 1) = g(k, 0)e™ 5)

The true observable quantlty in both experimental and natural
situations is the total amount or concentration of organic matter, G(f),
and this is calculated as the integral of the distribution function over the
range of all possible values of k, which can be taken to be zero to infinity
(Aris, 1968),

= [ gk, nax ®)
or with eq (5)

co= [ g(k, 0)edk 7

' Nonlinear individual reactions are considered by Astarita and Ocone (1988), Chou®
and Ho (1988, 1989), Astarita (1989), Aris (1989), and Ho (in press).
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Eq (7) is, in fact, the definition of a Laplace transform (Abramowitz and
Stegun, 1972, p. 1020; Hildebrand, 1976, p. 55; Spanier and Oldham,
1987, p. 241), and this property will be employed later. Although we will
deal later exclusively with an initial distribution, g(k, 0), that provides for
a closed-form solution of eq (7), numerical integration is a viable option
for other choices (see Press and others, 1986, chap 4; also Davis and
Rabinowitz, 1984).

The rate of change of total organic matter with time can be related to
the change in the distribution by differentiating eq (7),

dG(1) o
d—t( = - [ kg(k, 0)edk 8)

The problem in applying this continuum model lies in specifying
g(k, 0), that is to say, the initial distribution of reactive types. For
example, past studies (Jg¢rgensen, 1978; Berner, 1980, 1981) have as-
sumed that there are m discrete types of organic matter each with initial
concentration G,(0) and reactivity k;,. This is equivalent to a distribution
composed of m delta functions, d(k — k,). The delta function has the
property that its integral is equal to one, so that

J7 30— 1) i dk = £k )

Therefore, the G(t) calculated froma distribution composed of the sum of
m delta functions is

G(t) = fo ) i} 3(k — k) G,(0)e *dk (10)

or with eq (9)

G(t) = 2, G(0)e™ (11)

and we recover the organic matter decay model of J¢rgensen (1978),
Berner (1980, 1981), Westrich (ms), Westrich and Berner (1984).

Yet, a finite set of discrete organic matter types is simply one of an
infinite number of possible distributions and one that is an unlikely
description of natural distributions. We know, for example, that marine
organic matter is composed of a wide variety of organic substances
including protein, lignin, cellulose; chitin, plus all the other products of
biosynthesis and the geopolymerization process. It would be truly astound-
ing that the decay of all these compounds would fall neatly into a small
finite number of reactive types. More likely, the sensitivity of the measure-
ment methods forcibly divides the true distribution into the distinct
categories. The adoption of a continuous distribution presents, in all
probability, a more realistic assumption than its discrete counterpart.

Before trying to discover possible representations for natural distri-
butions, it is worthwhile discussing some of the properties associated with
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continuous distributions because they are quite startling. We start with
the example of a very simple finite distribution, that is, a constant, g,,
from k = 0 to some finite value, k,,

0<k=<k
g0 =10 Sk (12)

Substitution into eq (7) and integration gives

G =30 - e (13)
and nto eq (8)
dG
T %(e““"(l + ket) — 1 (14)

It might first appear that G(t) and the rate given by eqs (13) and (14)
are infinite or undefined as t — 0. This is not the case. At small times, the
exponential is well represented by the first few terms of a Maclaurin
series,

Kot)?
e"‘°’zl—k0t+(;)—~- (15)

so that from eq (13), we obtain in the limit as t = 0
G(t) = kg, (16)
Thus, the total amount of organic matter remains well-defined in this
limit.
Using the same procedure, we find that the rate is also well defined
ast—0, .

dG kg,
i (7
or with eq (16)
gy —&G(t) (18)
dt ~ 2

This means that this particular organic mixture would appear initially to
decay as a first-order process with a decay constant of k,/2.

After enough time had passed, a different picture would emerge to
an observer. As t — «, and e * — 0, then

G(O) = ~gt—° (19)
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and given infinite time, all G(t) would disappear, because all is reactive in
a continuum model. At this point, we stress that the model applies to the
decay of organic matter fully available to the microbial population. For
example, organic matter trapped within shell lattices is specifically ex-
cluded if it cannot be reached by microorganisms.

The rate of decay has the asymptotic form

or with eq (19)
dG G?
E @

So that after a sufficiently long period of time, the reaction would seem to
be second order with rate constant 1/g, (Ho and Aris, 1987).

Why does this perceived change in the order arise? In the beginning
(t = 0), decay is dominated by the most reactive component(s) so that the
bulk organic matter vanishes according to a first-order reaction. How-
ever, for longer times (t — «), the highly reactive fraction of this material
will have been completely consumed, and the overall reaction must
slowdown to reflect the behavior of the less reactive components. This
deceleration in the rate looks to an observer like a shift toward a higher
order of reaction. On a plot of concentration versus time, the curve
defining the evolution of the system adopts a shallower slope with time,
and this is exactly what is seen in the data of Westrich and Berner (1984,
fig. 1).

This change in the apparent order will occur not only for the special
distribution given by eq (12), but for a wide class of initial distributions,
g(k, 0). To illustrate the generality of this assertion, consider the case
where g(k, 0) can be represented as'a power series in k (no singularity at
k = 0) to at least the arbitrarily large value k,,

gk,0) =g, +gk+gki+... (22)
where g, g,, g,, et cetera, are constants. Substituting into eq (7) produces
ko ko ! o
GO =g, [, e™dk +g [ ketdk+g, [ Ketdk+... (29)
Upon integration,

_ gl — e ) N gi(1 — e (1 + Kkot)) N

G(t) " e (24)
or, fort — oo,
Gm=%+%+%+“. (25)
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which is true even if we let k, — . Differentiating eq (25) suggests that in
this limit
6 _ & _ % 38

dt - e ¢ ¢ (26)
Now if g, # 0, that is to say that there is a finite non-zero amount of
highly refractory material, then as the elapsed time becomes very long,
G(t) becomes well approximated by the first term in eq (25). If this is
substituted into eq (26) with only the first term retained, then
dG G o7
dt -~ _go ( )
which is eq (21). The effect of a finite non-zero contribution near k = 0 on
the reactive spectrum is to create an apparent shift to second order
Kinetics in the observed decay of the mixture.
Apparent lower order reactions are also possible. If, for example,
g, = 0 while all other coefficients are non-zero, then the long time
behavior of G(t) is given by second term in eq (25) and, consequently,

dG 2G*?

O @

which indicates a 1.5 order reaction with time. The absence of the first
term in eq (25) implies that there is less refractory material near k = 0
than in the case where g, # 0, so that its behavior has a lesser influence on
the kinetics as time passes. In general, if the first n — 1 terms of the
expansion given by eq (25) are zero, then

dG n(}1+1/n

e, 9
a = gy (29)

which tends to a first-order reaction as n — . The successive loss of low
order terms in eq (25) reflects progressively less refractory material and
so less of a need for higher order kinetics to accommodate the decay’of
this material.

It is also possible and quite reasonable to obtain apparent kinetics
greater than order 2. It was assumed in eq (25) that g(k, 0) was express-
ible as a simple power series; however, we should also consider initial
distributions that are weakly singular, that is, those that have a behavior
like k™ as k — 0, where a < 1 if the total amount of organic matter is to
remain finite. The weak singularity for g(k, 0) ~ k™*if 0 < a < 1 poses no
problem in terms of physical significance. It simply indicates a massive
preponderance of refractory material. Natural organic matter mixtures
may be commonly characterized by such distributions.

As Krambeck (1988) has aptly established, if g(k, 0) ~ k™%, then the
limit theorem of Laplace transforms (Spanier and Oldham, 1987, p. 250)
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immediately allows us to conclude that eq (7) will behave like

G(t —» ®) ~ ! (30)
Differentiating eq (30)

do ~ = (31)

dt

o

or substituting eq (30) into (31)

dG

E ~ —GE ) (32)

—x

A physically realizable solution is limited to a values less than 1. For a = 0,
we recover an apparent second order reaction. As a rises toward 1, the
order also increases. For example, at a = 0.5, there results a third order
reaction, and a = 0.75 generates a fifth order reaction. By choosing a
arbitrarily close to 1, one can obtain arbitrarily large apparent orders for
the decay of the mixture reaction.

It must be emphasized at this point that the occurrence of higher
apparent orders of reaction does not imply nonlinearity in the true
kinetics of decay reaction. The infinite collection of decay reactions that
make up the distribution at any time all continue to be strictly first order.
This means that if the system is perturbed by adding organic matter, the
change in the real rate will be linear in this increment. This can be proven
by considering eq (8). If the initial g(k, 0) is doubled, then we can
substitute 2 - g(k, 0) for g(k, 0), and the rate is simply twice that calculated
previously. Thus, there is a fundamental difference between the per-
ceived order of a mixture and the real order of the constituent reactions.
Higher apparent orders of reaction'and the linear response to perturba-
tions found by Westrich and Berner (1984) are not, therefore, in conflict.

Finite range distributions.—To illustrate the type of changes in the
perceived order of reaction that can occur during the course of decompo-
sition, we consider thé behavior of six g(0,k)-distributions with finite
k-ranges: !

1. Step:

gk, 0) = g, 0 <k <k, (12, repeated)

2. Linear increasing:

gok
gk, 0) = o 0 <k <k, (33)

0

3. Linear decreasing:

g(k, 0)ﬂ= go(l - —) 0 <k <k, (34)
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4. Concave quadratic:

k1Y
gk, 0) = 4g0(k—0 - 5) 0 <k <k, (35)
5. Convex quadratic:
k k
g(k,O)=g0k—01—k—0 0 <k <k, (36)
6. Inverse power law:
k n
g(k,0)=(f) n<l & 0<k<k, (37)

and k = 0 for k > k; in all cases. Figure 1A shows the change in the
organic matter relative to its initial concentration, G(t)/G(0), as a function
of the dimensionless time, ki, for these six g(0,k)-distributions.

The Linear Increasing and Convex Quadratic distributions have
zero intercepts at k = 0 while the Step, Linear Decreasing and Concave
Quadratic have finite intercepts, that is, g(0,0) = g,. According to the
reaction continuum theory, the first two distributions should both gener-
ate long-time apparent orders of 3/2. The latter three will asymptote to
an apparent second order reaction. The Inverse Power Law is a weakly
singular distribution of the type described by eq (30), and it will produce
apparent orders of 3 and 5 for n = 0.5 and 0.75, respectively. All these
distributions have an initial order of 1.

Figure 1B plots the rate of reaction normalized to the initial rate,
R(t)/R(0), against the normalized concentration of organic matter for
each of these initial distributions, that is, eqs (12) and (33) to (37). The
slope of the various lines in this diagram is the apparent order of reaction
at a stage of decomposition where a fraction G(t)/G(0) of the original
material remains. The smaller the ratio G(t)/G(0), the further the decom-
position has progressed. Except for the case of the Inverse Power Law

o

Fig. 1. Kinetic behavior associated with the finite-range g(0,k)-distributions given by
egs (12) and (33) to (37). Diagram A displays the change in the normalized organic matter
concentration, G(t)/G(0), as a function of time as normalized by the mean life-time of the
most reactive component, k,'. Diagram B illustrates the normalized rate of reaction,
R(t)/R(0), plotted against the normalized total organic matter concentration generated by
the same initial reactive distributions. The slope at each point on these curves in diagram B
ae_presents the apparent order of reaction at a given stage of decomposition. Key for both

iagrams:

Step Function, eq (12)
................... Linear Increasing, eq (33)
———————— Linear Decreasing, eq (34)
————————————— Concave Quadratic, eq (35)
_— Convex Quadratic, eq (36)
- Inverse Power Law (n = 0.5), eq (37)
e Inverse Power Law (n = 0.75), eq (37)




