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Abstract

Pore-water solute transport processes acting in addition to molecular diffusion affect sediment biogeochemistry
and benthic exchange fluxes. Given the relatively few direct measurements of enhanced transport intensities, there
is a need for predictive relationships to calculate enhanced transport parameters from more readily available infor-
mation. Here, enhanced diffusion coefficients and nonlocal mass transfer coefficients are obtained by comparing
total and molecular diffusion fluxes of oxygen across the sediment-water interface. Semiempirical relationships for
these coefficients are derived as functions of benthic oxygen uptake. According to these relationships, enhanced
solute transport significantly affects sediment—water column exchanges in regions with large benthic oxygen fluxes,
typically on the continental shelves. On a global scale, enhanced transport contributes approximately one third of
the total benthic flux of oxygen and more than half of that of phosphate.

The sediment—water interface (SWI) constitutes a natural
boundary in the oceans, across which the transport regimes
of both solids and solutes change dramatically (Boudreau
and Jgrgensen 2001). For solutes, open-water turbulence
gives way to molecular diffusion through the porous medium
of the sediment. In the uppermost layers of marine sedi-
ments, however, biologically induced solute transport (bioir-
rigation) can exceed transport because of molecular diffusion
(Archer and Devol 1992; Meile et al. 2001). Pore-water ad-
vection driven by pressure changes as a result of wave or
tide action can also contribute significantly to solute trans-
port fluxes in permeable sandy sediments in nearshore en-
vironments (Ziebis et al. 1996; Boudreau et al. 2001). Quan-
titative estimates of enhanced transport intensities are thus
important in order to constrain benthic fluxes of dissolved
nutrients or oxygen uptake at the seafloor.

Pore-water concentrations change significantly over depth
scales of millimeters to decimeters and give rise to a typical
vertical zonation of pore-water chemistry. The concentration
gradients are the result of a multitude of different reaction and
transport processes acting simultaneously, which complicates
identification of the individual processes. Concentration pro-
files are therefore complemented by direct measurements of
reaction and transport rates. Mathematical models that explic-
itly couple the reaction network to the transport processes
further help with interpretation of the observational data.
From model simulations, it is then possible to estimate reac-
tion rates and fluxes that can be difficult to measure directly
(Soetaert et al. 1996b; Van Cappellen and Wang 1996). How-
ever, because detailed information is generally required as in-
put, such models tend to be applied only at sites where ex-
tensive data sets have been collected, although the underlying
mathematical description is generally valid.

! Corresponding author (meile@geo.uu.nl).

Acknowledgments

We thank E Wenzhofer for providing a data set in advance of
publication and D. Archer for a compilation of his data. Insightful
comments from two anonymous reviewers helped us improve the
manuscript. This study was funded in part by the Netherlands Or-
ganisation for Scientific Research (NWO-Pionier Programme).

777

To overcome the scarcity of comprehensive, site-specific
data sets, global relationships for various reaction and trans-
port parameters have been developed. Such relationships es-
timate crucial model parameters from easily obtainable site
characteristics. Although of an empirical nature, these rela-
tionships provide simple parameterizations that capture the
combined effects of multiple factors and processes. Exam-
ples are global expressions relating particle mixing intensi-
ties plus depths of the bioturbated layer (Boudreau 1994,
1997), organic carbon degradation rates (Tromp et al. 1995),
or fluxes of organic carbon and oxidants at the SWI (Mid-
delburg et al. 1997) to water depth or sedimentation rate.
Global relationships are particularly useful when averaging
over relatively large spatial scales, as is the case in ocean
models of coupled sediment and water column biogeochem-
istry (Soetaert et al. 2000; Archer et al. 2002).

Although enhanced solute exchange fluxes and associated
transport intensities have been estimated at individual study
sites (e.g., Smethie et al. 1981; Martin and Banta 1992; Meile
et al. 2001), little has been presented in terms of a global
synthesis. Jahnke (2001), however, reported a systematic trend
in the relative importance of enhanced solute transport and
molecular diffusion as a function of the total O, uptake by
sediments. At low O, uptake fluxes, typical for the deep sea,
total and diffusive O, fluxes across the SWI are of the same
order of magnitude. At high O, uptake fluxes, as encountered
in coastal environments, a large fraction of the total uptake
of O, cannot be accounted for by molecular diffusion.

In this paper, we use measured O, fluxes across the SWI
and pore-water O, gradients to derive global relationships
for enhanced solute transport (i.e., transport not due to mo-
lecular diffusion) in marine surface sediments. Parameteri-
zations are proposed for both diffusional and nonlocal trans-
port descriptions. To illustrate the impact of enhanced solute
transport, the global effects of enhanced transport on oxygen
and phosphate fluxes at the seafloor are estimated.

Data and methods

To separate the contributions of molecular diffusion and
enhanced transport to total solute fluxes across the SWI, we
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Table 1. Data description, sources and references.

0, flux across the SWI
Coastal (Skagerrak and German
Bight)
Continental shelf (Washington)

Forster et al. 1999

Archer and Devol 1992

Devol and Christensen
1993

Glud et al. 1998

Reimers et al. 1992

Arctic (Svalbard)
Continental slope and rise
(off central California)
Deep sea (South Atlantic)
Deep sea (South Atlantic)

Glud et al. 1994

Wenzhofer and Glud
2002

Deep sea (Northeast Pacific) Cai and Reimers 1995

Bottom water O,, temperature, and salinity

Values from the water depth clos- Levitus and Boyer 1994,
est to the seafloor. Depth reso- available via http://in-
lution ranges from 10 m near grid.ldgo.columbia.edu
the sea surface to 500 m below
2,000 m, with a resolution of 1
by 1 degree between 60°N and
60°S

Topography

ETOPOS 5X5 min U.S. Navy da-
tabase sampled on a 1 by 1 de-
gree grid between 60°N and available via http://
60°S to match the Levitus data ingrid.ldgo.columbia.
set or taken for the entire globe edu
to determine ocean floor area
per water depth interval.

National Geophysical
Data Center 1988,

PO, gradients

Compilation of pore-water phos-
phate gradients at the SWI. See
original references for details.

Colman and Holland
2000, available via
http://www.ngdc.noaa.
gov/mgg/sepm/archive

compare benthic fluxes obtained with different experimental
approaches. Benthic fluxes due to molecular diffusion (F)
are estimated from vertical high-resolution pore-water con-
centration profiles (microprofiles) and molecular diffusion
coefficients under in situ conditions (Reimers et al. 2001).
Total solute fluxes (¥,,) (i.e., combining the contributions of
molecular diffusion and enhanced transport) are estimated
from in situ benthic chamber experiments. From the differ-
ence between F, and F,,, enhanced transport parameters are
deduced. Because of the relatively large available database,
the analysis presented is based on O, microprofiles and O,
benthic flux measurements.

Data set—Data sources for Fy, and F,, are summarized
in Table 1. Total exchange fluxes calculated from concentra-
tion changes measured in benthic chambers currently pro-
vide the most direct measurements of total solute fluxes
across the SWI (Martin and Sayles 1994). To minimize the
effect of spatial heterogeneity, only fluxes from the same
station are compared. To avoid sampling artifacts (e.g., be-
cause of changing temperature and pressure during sample
recovery; Glud et al. 1994), only benthic fluxes measured in
situ are used here (Table 1). Solute fluxes can also vary

significantly as a function of time: sediment O, uptake, for
example, depends strongly on the delivery of organic matter
and thence can exhibit seasonal variability (Sayles et al.
1994; Soetaert et al. 1996a). Therefore, we only compare
F,, and F; values determined at the same time.

The effect of small-scale topography on diffusive ex-
change fluxes calculated from one-dimensional concentra-
tion profiles (Jgrgensen and Revsbech 1985; Rgy et al. 2002)
is expected to be negligible in the selected data set because
gradients (where specified) were mainly measured across the
diffusive boundary layer, just above the sediment surface.
Thus, diffusive fluxes are used directly as reported in the
studies listed in Table 1.

Empirical relationships—Comparison of measured total
and diffusive benthic exchange fluxes directly quantifies the
flux caused by processes other than molecular diffusion (F,
= F,. — F4g). However, often only an estimate of the total
O, sediment uptake is available. We therefore estimate mo-
lecular diffusion fluxes from total fluxes using an empirical
fitting function. As constraints, we impose F; — F,, when
F,, — 0, whereas at all values of O, uptake, Fy; < F,,.
Here, we use the relationship in Eq. 1.

500-F,,

F . =
diff 646 + Flm

1
The numerical values are obtained from the best fit to the
data set (Fig. 1; 72 = 0.79), with both F and F,, in units
of umol cm~2 yr~!. Other functions that give more weight
to low O, fluxes were also tested. They result in similar
predicted values of F (Fig. 1).

In order to quantify the contribution of enhanced transport
to O, exchange across the SWI on a global scale, total ben-
thic O, exchange must also be estimated at sites without
direct flux measurements. To this end, we use a relationship
proposed by Wijsman (2000), which relates benthic O, up-
take to water depth (Eq. 2).

Fo = 23.22¢7007 + 378¢ 000047 )

z is water depth (m) and F,, the benthic O, flux (mmol O,
m~2 d~'). Equation 2 is based on 528 flux estimates using a
variety of measurement techniques (2 = 0.71), and predict-
ed O, fluxes for water depths between 9,000 and 20 m range
from 10 to 1,000 umol cm=2 yr~! (see chapt. 2 in Wijsman
[2000] for a detailed discussion of the data and their anal-
ysis).

Representations of enhanced transport—Enhanced trans-
port has been described as a diffusive (e.g., Goldhaber et al.
1977; Matisoff and Wang 1998), advective (e.g., Hammond
et al. 1977; McCaffrey et al. 1980), or nonlocal process (e.g.,
Emerson et al. 1984; Meile et al. 2001). Here, we consider
two commonly used representations of enhanced transport,
based on diffusive and nonlocal parameterizations, whose
applicability depend on the physical processes causing mix-
ing, as well as frequency and length scale of mixing events
(Boudreau 19864, 1986b, Boudreau and Imboden 1987). The
following equations relate the transport coefficients to the
enhanced transport flux.
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Fig. 1. Diffusive benthic O, fluxes derived from microprofiles

versus total sediment—water O, exchange fluxes measured with ben-
thic chambers. Circles represent the measured values and curved
lines are three empirical fitting equations, all explaining ~80% of
the measured values of F The thick line is Eq. 1 (squares in
inset), the dashed line is a fit after log transformation of the fluxes—
log(Fge + 1) = [17.969 log(F,, + 1IV[17.969 + log(F, + 1]
(circles in inset)—and the dashed-dotted line (crosses in inset) is
log(Fg/Fo) = (—0.839F, )/(562.28 + F,,). The inset shows the
relative residual errors, defined as (Fg — Fmge)/Fnes, indicating
that the relative error on F, when estimated from F,,, is ~30%.

a
Diffusive: F, = —Denh¢>—C 3)
ax SWI
Nonlocal: F,, = J' ad(C, — C) dx 4
SWI

D,,, is the enhanced diffusion coefficient, « is the nonlocal
transport coefficient (in units of inverse time), ¢ is porosity,
C, is the solute concentration at the SWI, and x is the depth
below the SWIL

Model assumptions—Equations 3 and 4 show that to de-
termine the diffusive and nonlocal enhanced solute exchange
coefficients, the concentration profile of the solute in the
sediment must be known. Because we aim for global cov-
erage of the seafloor (i.e, including sites where no measured
O, profiles are available), pore-water O, concentrations must
be calculated. In order to do so, we assume that porosity
gradients and the effects of sedimentation and compaction
are negligible. Additionally, the following assumptions un-
derlie the model approach.

1. The O, concentration profile is at steady state. This is an
appropriate assumption for the derivation of global ocean
relationships, which do not account for transient, site-spe-
cific effects.

2. Benthic primary production is negligible, which excludes
shallow clear-water sites from our analysis. The total ben-

thic flux of oxygen is therefore related to the rate of O,
consumption in the sediment, R, by

Fo = f R dx )
SWI

3. The rate of O, consumption is constant over the depth
interval of O, penetration. Thus, R equals the input flux
of O, into the oxic zone, divided by ¢ and the O, pene-
tration depth, L. Quasi O"-order rate profiles of net O,
consumption have been reported in a number of studies
(Berg et al. 1998; Glud et al. 1998) and are attributed to
significant oxygenation of reduced inorganic species at
the bottom of the aerobic surface layer. Nonetheless, oth-
er rate distributions have been reported and the effect of
assuming a constant O, consumption rate with depth on
enhanced solute transport parameters is therefore evalu-
ated below.

Enhanced transport parameters—For a diffusive descrip-
tion of enhanced solute transport, the governing mass bal-
ance equation is

32C
O = (Dsed + Denh) - R (6)
dx?

with R = F,,/¢L, where the enhanced diffusion coefficient
is, for the sake of simplicity, assumed constant within the
depth interval of O, penetration. The effective molecular dif-
fusion coefficient, D, is corrected for tortuosity using D,
=~ [D (T, saD)l/[1 — In(¢?)], where D, is the molecular
diffusion coefficient in solution at in situ temperature (7°)
and salinity (sal) (Boudreau 1997). The conditions to be ful-
filled by Eq. 6 are defined in Eq. 7.

=0 X -0 @

C|x=0 = Gy, ax
x=L

Equation 6 is solved for two endmember cases. In the first
case, the O, penetration depth is assumed to be unaffected
by enhanced O, delivery across the SWI (i.e., L = Ly,
where L, is the O, penetration depth when molecular dif-
fusion is the only transport process [D,,, = 0]). In this case,
enhanced transport results in an increase in the O, con-
sumption rate, R, and Eq. 6 yields Eq. 8.

2 ¢C0D sed
F diff

In the second endmember case, R is assumed to reflect only
the reactivity and abundance of reduced substances. There-
fore, enhanced influx of O, into the sediment does not affect
the magnitude of R, but only increases the depth of O, pen-
etration (Eq. 9).

L= Ly = ®)

Fto! _ 2¢CODsed
Fdiff ngff

The two endmember estimates of L (Eqgs. 8, 9) are com-
pared to measured values in Fig. 2. Not unexpectedly, Eq.
8 tends to systematically underestimate the measured values,
whereas Eq. 9 usually overestimates the depth of O, pene-
tration. The arithmetic average of both equations, L, how-

L = Ly F €))
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Fig. 2. Calculated and measured O, penetration depths. The
thick line is the regression through the O, penetration depths ob-
tained by averaging Egs. 8 and 9 (r> = 0.64). The calculated O,
penetration depths are based on measured values of F,, and Fg
(see text for discussion).

ever, provides a remarkably robust predictor of the O, pen-
etration depth (Fig. 2). Equation 6 is therefore solved for
D,,, with L as the lower boundary depth. The relationship

in Eq. 10 is obtained.
1 Fo\’ F
D.., = 1D =) — 1|+ D = -1 10
N
The first term on the right-hand side results from L = L
(Eq. 8), whereas the second term originates from assuming
L = Lyw(Fio/Fye) (EqQ. 9).

In contrast to the diffusive description, under nonlocal
transport, O, can be delivered below the aerobic surface lay-
er (Eq. 4), with O, being reduced along burrow walls in the
otherwise anoxic sediment. Based on an analysis of a pro-
files from a variety of sites, Meile et al. (2001) concluded
that only about 10-20% of the total benthic O, flux is de-
livered to the aerobic zone. Thus, for a quantification of
enhanced solute mixing intensities, the entire « profile below
the O, penetration depth must be known.

The driving force for enhanced transport is inherently
connected to the sediment—water interface (e.g., through
wave action or burrowing organisms); hence, decreasing
transport coefficients with depth are often assumed (e.g.,
Martin and Banta 1992). Here, we consider a simple linear
decrease of a from the SWI to x,,, the solute mixing
depth. The latter is assumed to coincide with the solid-
phase mixing depth, which, based mainly on an analysis
of 2%Pb profiles, has been proposed to be on the order of
10 cm across a wide range of marine sediments (Boudreau
1994). With a parabolic approximation of the O, profile
between the SWI and L,

2 — OxL + L2
cm=q—qG—J¥—ﬂ

L2
and the average value of « in the oxic zone, @ (Eq. 11), is
then obtained from Eq. 4.

12x,, — 6L F,, for L <
Zxs < x_
L2 = 4Lxy, + 6x7,, G, ™

a= an
oL Frs for L >
e '
Xoin(AL — X)) G, i
where x,;, is set to 10 cm. The assumption of a linear «

depth distribution is evaluated below.

Uncertainty analysis—Several assumptions in the math-
ematical framework outlined above could affect the magni-
tude of the derived enhanced solute transport coefficients.
Furthermore, uncertainties associated with the oxygen fluxes
F, and F,, also propagate into the estimated enhanced
transport coefficients.

Rate profile: The rate of O, consumption might deviate
from the proposed 0"-order kinetics. However, with the con-
dition that the depth-integrated rate of consumption match
the delivery of O, to the oxic layer, the O, profile and the
O, penetration depth depend only weakly on the shape of
the net rate profile. Relative to the constant rate scenario, a
linearly increasing rate with depth (R = kx, for 0 = x < L,
and R = 0, for x = L) results in an approximately 25%
smaller L, whereas an exponentially decreasing rate profile
(R=ke ™ for0 = x <L and R = 0 for x = L) increases
the O, penetration depth by about 20%. Thus, rate profiles
deviating significantly from the proposed O%-order kinetics
produce O, penetration depths that lie within the range of
the two endmembers used to estimate the O, penetration
depth (Egs. 8, 9). Furthermore, L and the concentration gra-
dients at the SWI differ between the different rate descrip-
tions in such a way that D, is unaffected by the selection
of the rate profile when the conditions given by Eqgs. 5 and
7 are fulfilled.

O, penetration depth: Although the estimate of @ is only
weakly dependent on L, which is easily seen by substituting
various values of L in Eq. 11, an erroneous estimate of L
affects D,,,. Comparison of D, values calculated using L =
Ly (Eq. 8) and L = Ly (F,../F4) (Eq. 9) as lower and upper
limits for L, and using Eq. 1 to predict Fg, shows a =50%
variation of D, values around the best estimates obtained
with Eq. 10.

Nonlocal mixing profile: In order to evaluate the effect of
the shape of the « profile on the estimated average a value
in the aerobic layer, Eq. 11 is compared to (1) an « profile
constant down to x,;, and O below, (2) a constant @ down
to L and linearly decreasing below L to reach O at x_,,, and
(3) an exponentially decreasing « profile with 95% of the
mixing intensity taking place above x,;,. All a cases are
based on a parabolic concentration profile and conservation
of mass for O,. The resulting & values in the oxic zone are
given by
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L x L ase (1)
: case
—x}, + 3x2,L + 3L%x,, — 3L%*x,,, &C,
6(xmix - L)
a= —4L? — 8Lxy t+ IxZi — 3x3n + 120Xy, — 6X i Xiim
F
X == case (2)
¢Cy
2] (ePLlxmix — 1] F
ple ) X—=:  case (3)
2x% (ertmin — 1) = 2x,,pL — p2L2er ¢C,
(12)

for the three respective « profile shapes, with x,;,, = min(x,,;,,
L) and p = In(1 — 0.95). Although the calculated & values
differ significantly among the various scenarios, the relative
difference in & between the linear and the other profile
shapes is <60%, and the linearly decreasing « profile gives
a-values intermediate between the other scenarios.

Mixing depth: The mixing depth, x,,, can vary from site
to site, and mixing depths are not necessarily equal for solids
and solutes, as transport processes can differ. Thus, the sen-
sitivity of the average value of « in the oxic layer toward
Xnix 18 evaluated. Ignoring covariances, the uncertainty (o)
associated with a parameter P can be expressed as

aP\’*
where oy is the uncertainty associated with the independent
parameter X. Identifying P as @ (Eq. 11) and X as x,;,, the

relative error in & for L < x,;, is equal to
2(L2 - 6l‘xmix + 6xﬁ\ix)

(L2 - 4l‘xmix + 6x2 )(2xmix

mix

mix>

_ L) O, ‘mix

which yields a relative error in & between 0.65 and 1.1 times
the relative error in x,;: o, /x.;,. This can be significant at

any individual study site, but it is rather small when consid-
ering global relationships.

O, fluxes: Although the general trend of Fg vs. F, is
captured by Eq. 1, the considerable uncertainties on pre-
dicted F; values (Fig. 1 inset) lead to significant uncertain-
ties in the calculated transport parameters. Because some of
the independent variables (X, Eq. 13), such as the molecular
diffusion coefficient, C, or ¢ are either experimentally ac-
cessible, remain fairly constant, or both, the uncertainty in
D,,, or & (op, Eq. 13) reflects mostly the uncertainty on the
fluxes (F,,, Fgy)- Expressing F, as a function of F,, (Eq.
1), an approximate measure for the uncertainties associated
with the predicted enhanced transport parameters is obtained
when substituting P in Eq. 13 by Eq. 10 and 11, respectively.
This analysis indicates that, within the conceptual framework
developed above, estimates of D,,, are more sensitive to er-
rors in F,,, and Fy, than estimates of & (Fig. 3).

Figure 3 also shows that for both diffusive and nonlocal
descriptions, the uncertainties of the predicted transport co-
efficients are in a reasonable range when the total sediment
O, uptake is known (the relative error in the prediction of

w

o(P)/ P
2

Fig. 3. Relative error on the enhanced transport coefficients as
a function of F,,, (umol cm~2 yr~!) and the relative uncertainty on
F.o. The upper and lower surfaces correspond to enhanced diffusion
and nonlocal transport, respectively. For the calculations, Fy is
estimated from F,, by Eq. 1, oy, /Fy is set to 30% (Fig. 1), po-
rosity is 0.8, D, is 200 cm? yr~!, and the O, concentration in the
overlying water is assumed to be 100 uM.

Fy from F,,, |0, /F 4, is on the order of 30%, Fig. 1 inset).
However, when F, is estimated from, say, water depth, the
relative error in F, can easily be 50%, which increases the
uncertainty of transport parameter estimates considerably.
The predicted transport coefficients are more prone to error
at low total O, uptake (Fig. 3), which typically corresponds
to greater water depths and lower enhanced transport inten-
sities.

Results and discussion

Enhanced O, uptake at the seafloor—The global contri-
bution of enhanced solute transport to benthic O, exchange
fluxes is estimated using the relationship between Fg and
F,. (Eq. 1). Benthic O, fluxes are calculated as a function
of water depth (Eq. 2, water depths >20 m, the depth cutoff
is chosen to exclude areas with a major contribution of ben-
thic primary production). Total sediment O, uptake is then
obtained through multiplication with the corresponding
ocean floor surface areas, calculated from the ETOP bathy-
metric map on a 1° by 1° grid (Table 1). This analysis sug-
gests that >40% of the total mass of O, is taken up by
sediments located at water depths shallower than 300 m. A
significant portion, about a third of the total O, uptake at the
entire seafloor, is estimated to be due to enhanced transport.
This fraction drops by ~10% when considering only water
depths >100 m rather than 20 m.

Such a significant contribution of enhanced benthic O,
uptake in continental margin environments implies a pro-
nounced impact on the early diagenetic pathways of organic
matter degradation. For example, enhanced supply of O, can
substantially promote the reoxidation of reduced inorganic
species, such as sulfide, thereby sustaining sulfate availabil-
ity and high sulfate reduction rates (Ferdelman et al. 1999;
Fossing et al. 2000; Koretsky et al. unpubl. data) and pre-
venting methanogenesis.
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Patterns in enhanced transport—To assess enhanced
transport on a global scale, transport coefficients are calcu-
lated for the ocean between 60°N and 60°S on a 1° by 1°
grid. This resolution is dictated by the availability of O,,
temperature, and salinity data (Levitus data set, Table 1),
which are used to obtain C, and D,,(O,) for each grid point.
Porosity near the SWI is typically between 0.75 and 1, and
for the global simulations is assumed to be 0.8. Enhanced
transport coefficients are calculated from estimates of total
O, solute exchange fluxes (Eq. 2, with water depth based on
the ETOP map), estimating F from F,, (Fig. 1) and using
Egs. 10 and 11, respectively.

In addition to the transport coefficients obtained on the
1° by 1° grid, results from the individual study sites listed
in Table 1, based on measured values of L, F,,, Fy, and
C,, are shown in Fig. 4. The two enhanced solute transport
representations, D,,, and @, derived from the global ocean
grid show similar patterns with depth or total benthic O,
flux. As expected, enhanced transport coefficients are high
relative to diffusive exchange at high total benthic O, flux-
es, where F,; becomes significant (Fig. 1). Model results
suggest that at total O, fluxes smaller than ~100-150 wmol
cm~2 yr~!, which according to Eq. 2 roughly correspond to
water depths >250-400 m, molecular diffusion is the dom-
inant transport mechanism (Fig. 4A). Results from site-spe-
cific calculations show a somewhat larger range of F,,
where coefficients of molecular diffusion and enhanced dif-
fusion are of similar magnitude (about 50-250 wmol cm™2
yr~!, Fig. 4A). The solid-phase mixing coefficient D,, es-
timated from water depth (Middelburg et al. 1997), is sys-
tematically smaller than either the molecular or the en-
hanced diffusion coefficient (by an order of magnitude or
more, not shown), indicating that solid-phase mixing has,
globally, a minor effect on solute transport in marine sed-
iments.

Generally, poorer agreement exists between the global
grid and the site-specific estimates of enhanced transport co-
efficients at low benthic O, uptake fluxes (Fig. 4). This re-
flects the large (relative) uncertainties associated with esti-
mates of enhanced transport coefficients at low F,, (Fig. 3)
and thus low F,,. However under these conditions, charac-
teristic for the deep sea, enhanced transport tends to play a
minor role in benthic solute fluxes. At benthic uptake fluxes
> 100 wmol cm~2 yr~!, site-specific enhanced transport pa-
rameters show increasing trends with F,,, similar to those
observed for the global grid results.

Global relationships—When the benthic O, flux, F,,, is
known at a given site, enhanced transport coefficients can
be calculated by combining an estimate of F;; derived from
F,, (Fig. 1) with Eq. 10 (D,,,) or Eq. 11 (&). For sites where
the benthic O, flux has not been measured, we recommend
estimation of F,,,, for example, from the total organic carbon
mineralization rate. In both cases, site-specific values of the
other input parameters—D,4(0,), ¢, L, and C;—should be
used preferably.

When not all the necessary site-specific information is
available, or when simple parameterizations are needed for
use in biogeochemical models of the whole ocean, the em-
pirical Egs. 14-17 can be used. These equations are derived

by fitting the entire set of transport coefficients calculated
for the global ocean grid (Fig. 4).

D,,, = (7.6375 — 7.4465¢ 00083 Fu©)D _(0O,)

(r* =0.99) (14)
&= (—73.071 + 71.912¢-0001846Fw(09) C ;1
(= 0.99) (15)
D, = 48,133 — 48,089 ¢ ~0000046764F(0
(r» = 0.94) (16)
&= —1,591.7 + 1,580.8¢ 000551277
(= 021) a7

The units are cm? yr~! for D, and D,(O,), umol cm~2 yr~!
for F,(O,), yr~! for @ mM for the O, bottom water con-
centration, C,; the r? values refer to the fit to the global grid
rather than the site-specific results.

Comparison of the r? values reveals that & cannot be pre-
dicted accurately from F,, alone (Eq. 17); aC,, however,
strongly correlates with F,, (Eq. 15). The globally predicted
aC, values also agree well with the site-specific values (Fig.
4B). Use of the nonlocal transport description therefore re-
quires knowledge of the O, bottom water concentration. For
D..,, only a moderate increase in 2 is observed when vari-
ations in D4 are taken into account. However, the good fit
of Eq. 16 to the global grid parameter values partially re-
flects the correlation between bottom water temperature and
water depth (see analysis of the Levitus data set in Tromp
et al. [1995]) and that F,,, is estimated from water depth (Eq.
2). Therefore, we recommend the use of Eq. 14 when salinity
and temperature (and possibly porosity) values are available
to estimate D_,.

Equations 15 and 14 or 16 allow one to predict enhanced
transport coefficients from the benthic O, uptake flux. Al-
ternatively, the parameters can be obtained from water depth,
z, by substituting Eq. 2 into Eqgs. 14-16. This increases the
uncertainty on the parameter values, however, because of the
propagation of errors associated with estimating F,, from z
(Fig. 3).

Comparison to other studies—The finding that enhanced
transport is significant in nearshore and continental shelf en-
vironments is supported by studies at individual sites (e.g.,
Archer and Devol 1992), and enhanced diffusion coefficients
in shallow North Sea sediments are several times higher than
molecular diffusion coefficients (Vanderborght et al. 1977).
The model prediction that enhanced solute mixing tends to
be less important in deep-sea sediments also agrees with
experimental studies (Reimers and Smith 1986). Our esti-
mates of enhanced diffusion coefficients fall in the range
reported in (Berg et al. 2001), where it was shown that solute
mixing coefficients exceed solid-phase D, values by a factor
of 15-20 at a nearshore site. Our results thus support that
enhanced solute diffusion coefficients cannot be adequately
approximated by solid-phase mixing parameters.

Nonlocal transport coefficients agree well with results
from independent modeling approaches. In shallow-water
carbonate sediments of Dry Tortugas, Florida, both early dia-
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Fig. 4. Enhanced solute transport coefficients—(A) diffusional,
(B) nonlocal—as a function of the total benthic O, uptake flux.
Circles denote site-specific estimates (Table 1); dots are the coeffi-
cients estimated for the global grid. The thin lines in panels A and
B correspond to the predicted parameter values using the three dif-
ferent empirical equations to estimate F,, from F,, (Fig. 1). The
line patterns are the same as in Fig. 1. The thick lines in panels A
and B correspond to the predicted parameter values using the arith-
metic mean of the three empirical equations to estimate F. The
thick dashed lines represent the functions obtained by curve fitting
the global grid estimates of Eqs. 14 (A), 16 (A inset), 15 (B), and
17 (B inset). For plotting purposes, when the measured F;; exceeds
F,,, transport coefficients are set to the arbitrarily chosen minimum
value of the y-axis.

genetic and stochastic modeling approaches give a values
near the SWI between 3 X 10~¢ (Furukawa et al. 2000) and
4-6 X 107¢ s~! (Koretsky et al. 2002). The @& value calcu-
lated here, 2.7 X 107¢ s~!, is in excellent agreement with
these studies (F,, = 96 umol cm~2 yr~!, Fgu, = 61 umol
cm~2yr~!', L = 0.26 cm, C, = 141 uM, ¢ = 0.58; data from
Furukawa et al. [2000]). Predicted @& coefficients in the oxic
zone of three sediments of the Skagerrak agree with the val-

ues in Wang and Van Cappellen (1996) to within 7-25%, if
their modeled O, fluxes are used to calculate a. If Eq. 1 is
applied to estimate F,, the values are still within 7-35% of
each other (4.1-9.4 X 10-¢ s~! calculated here vs. 5.6-7.9
X 107¢ s~! used in Wang and Van Cappellen [1996], re-
spectively). On the Washington shelf, @ values obtained
based on total O, fluxes from Christensen et al. (1984) at
two sites are 5.1 X 107¢s~!and 9.5 X 107¢s~!, respectively.
This compares favorably to inverse modeling results based
on radon and sulfate profiles, which lead to values of 3.7 X
10~¢s~'and 6.2 X 107¢s7!, respectively (Meile et al. 2001).

Benthic phosphate fluxes—Colman and Holland (2000)
have recently assessed the efflux of nutrient phosphate from
marine sediments on a global scale. Based on 193 measured
pore-water phosphate gradients (Table 1), they calculated
benthic phosphate fluxes, taking into account molecular dif-
fusion but assuming a negligible contribution from enhanced
solute transport. Here, we examine the potential effect of
enhanced transport on benthic regeneration of phosphate us-
ing the enhanced diffusion approach. The latter can be di-
rectly applied to the pore-water gradients compiled by Col-
man and Holland (2000).

For many of their sites, Colman and Holland (2000) pro-
vide organic carbon deposition and burial fluxes. We use the
difference between these fluxes as a measure of the total
organic carbon oxidation rate and, hence, of the total benthic
O, uptake flux, F,,(O,). For each site, the diffusion flux,
F,(0,), is obtained from F(O,) by taking the average of
the three fitting functions shown in Fig. 1. A value of D,
can then be calculated with Eq. 10. This value, together with
the measured phosphate gradient, porosity, and molecular
diffusion coefficient of phosphate given in Colman and Hol-
land (2000), allows us to estimate the benthic flux of phos-
phate at the site.

In their global budget, Colman and Holland (2000) divid-
ed the ocean into two provinces—the Shelf-Slope and the
Rise-Deep Sea—each characterized by an average sedimen-
tation rate, w. Following the same approach, we estimate the
average benthic phosphate flux in each province from the
empirical relationship between the benthic phosphate flux
and w obtained for the entire set of sites. The total flux of
phosphate from the seafloor in each province is then esti-
mated by multiplying the average flux by the corresponding
surface area of the province (Fig. 5). A more detailed cal-
culation, based on a greater number of water depth intervals
derived from the ETOP map (Table 1) and using a global
relationship between w and water depth (Middelburg et al.
1997), results in essentially the same global benthic flux of
phosphate (<5% difference).

The results in Fig. 5 indicate a large effect of enhanced
transport on the flux of phosphate from the seafloor. This
effect is particularly pronounced along the ocean margins,
where enhanced transport dominates the benthic exchange
of phosphate. Although the diffusion model might not be the
most appropriate representation of enhanced transport of
pore-water phosphate on a global scale, a preliminary anal-
ysis of pore-water profiles using the nonlocal model shows
a similarly large contribution of enhanced transport on the
benthic efflux of phosphate (results not shown). Thus, ig-
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Fig. 5. Global benthic phosphate fluxes. The figure illustrates
the large relative contribution of enhanced transport in continental
margin sediments. Error bars give standard deviations originating
from the different estimates of F,,(O,) from F,(O,) (Fig. 1). Actual
uncertainties on the absolute fluxes are significantly larger (see, in
particular, fig. 2A in Colman and Holland 2000).

noring enhanced pore-water transport could introduce sig-
nificant errors when estimating benthic fluxes of phosphate
and, most likely, of other dissolved nutrients.

Synthesis and perspectives—The proposed global rela-
tionships for enhanced transport parameters are derived by
combining an empirical relationship between the diffusive
and total exchange flux of O, across the SWI with physical
models of diffusive and nonlocal solute transport in sedi-
ments. The choice of O, as the enhanced transport tracer is
dictated by the rapidly growing body of O, microprofile data
and benthic chamber flux measurements. An added advan-
tage is the high reactivity of O,, which causes the benthic
flux and profile of O, to rapidly adjust to changes in external
forcings, for example, the deposition flux of organic matter.
Thus, the proposed approach might also be suited to quan-
tifying seasonal variations in enhanced transport intensity.

The effect of enhanced transport on sediment-water col-
umn exchanges is most pronounced in coastal marine envi-
ronments, where the oxic zone tends to be very thin. Oxygen
pore-water profiles therefore mainly contain information on
enhanced transport properties close to the SWI, although ir-
rigation could affect pore-water chemistry well below the
oxic surface layer (e.g., Furukawa et al. 2000). In addition,
the enhanced transport parameters of different chemical spe-
cies might differ because of differences in diffusive prop-
erties and reactive length scales around macrofaunal burrows
(e.g., Aller 2001; Koretsky et al. 2002).

In shallow-water permeable sediments, wave-induced
pressure fluctuations cause advective solute transport (e.g.,
Huettel and Webster 2001), a mechanism not explicitly con-
sidered here. Frequently, these sediments are also inhabited
by active populations of macrofauna; hence, several mech-
anisms can contribute simultaneously to enhanced pore-wa-
ter transport (D’Andrea et al. 2002). In nearshore environ-

ments, the end-member transport models used here could
thus no longer offer reliable ways to estimate benthic ex-
change fluxes. Furthermore, the simple interpretation of O,
pore-water profiles, which assumes O, is only consumed
(Eq. 5), is not valid when benthic photosynthesis becomes
significant (e.g., Jahnke et al. 2000).

The above concerns point to the need for further work on
enhanced transport in coastal sediments. In particular, efforts
should focus on better constraining the uncertainties asso-
ciated with the transfer of enhanced transport properties de-
termined for O, to other chemical species and on developing
more advanced models for the complex solute transport dy-
namics in nearshore sediments. Future studies could also in-
tegrate the predictive relationships of enhanced pore-water
transport presented here in regional ocean studies, such as
using GIS modeling tools (e.g., Schliiter et al. 2000). Such
studies could then account for region-specific effects on sed-
iment-water column exchanges related to, for instance, the
bottom water oxygen distribution and organic matter depo-
sition flux.
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