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Oxidation Fronts in Pelagic Sediments: Diagenetic
Formation of Metal-Rich Layers

T. R. S. WiLsoN, J. THOMSON, D. J. HYpEs, S. COLLEY,

F. CULKIN, J. SORENSEN

The periodic deposition of distal turbidites at a site on the Madeira Abyssal Plain
causes the development of a nonsteady-state diagenetic system in which an oxidation
front migrates downward into the sediment. Data presented here show that iron,
manganese, and particulate organic carbon are oxidized at this front by oxidants
(molecular oxygen and nitrate) diffusing from above. A numerical model of systems of
this type predicts the formation of iron-rich layers under certain nonsteady-state
conditions. The layers predicted by the model are closely comparable in thickness and
general morphology to iron-rich layers found in certain ocean sediments, the origin of

which has been until now unexplained.

ECENT STUDIES (I, 2) HAVE
Rshown that under certain circum-

stances oxidation fronts may devel-
op and progress downward into deep-ocean
sediments. This report deals with the distri-
bution of iron at such fronts and shows that
under certain conditions nonsteady-state
diagenesis produces iron-rich layers similar
to those that have been observed in sedi-
ments, particularly at depths close to the
most recent transition from glacial to inter-
glacial conditions (3-7).

A “progressive oxidation front” mecha-
nism, in which the various stages of the
redox succession that occur during organic
diagenesis (7-9) may be localized in a rela-

tively thin zone within the sediment, has
been shown (2) to be responsible for the
observed pattern of diagenetic behavior at
R.R.S. Discovery station 10554. This process
was further investigated in sediments from
an adjacent area obtained on Discovery cruise
149. The data set from box core 11137 on
the Madeira Abyssal Plain (Fig. 1) is typical
of several box cores obtained from this
turbidite. Although the active turbidite layer
at this site has a markedly lower content of
organic carbon than that at station 10554, a
similar sharp redox drop occurs at the front
in an otherwise vertically homogeneous tur-
bidite. The Fe?* distribution close to such
fronts has not been previously reported; the
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Fig. 1. Pore-water and solid-phase organic carbon data for box core 11137 3BX. Lines drawn for Mn?*
and Fe** represent fixed gradients used in the model calculations. Curves for O, and NO;~ are
calculated from the model equations (Table 1B) and the data given in Table 2 for the Madeira Abyssal
Plain. The color change occurred at 22 cm in this core. Bars indicate sample depth intervals.
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results presented here (Fig. 1) show that the
pore-water concentrations of both Fe?* and
Mn?* increase with depth below the oxida-
tion front. Thus, there is a transition from
O,-containing to Fe?*-containing pore wa-
ter within a very small vertical interval. The
sulfate levels in the pore waters indicate that
sulfate reduction is not active in these sedi-
ments.

A progressive oxidation front phenome-
non may be initiated by any relatively sud-
den change in sedimentary conditions that
causes the actual oxidized sediment surface
layer thickness to become smaller than the
equilibrium steady-state layer thickness.
This might occur, for instance, as a result of
the deposition of an organic-rich turbidite, a
decrease in organic sedimentation rate, or an
increase in the rate of supply of O, via
bottom water. Such events may be linked to
climatic changes (10-12). The resultant
front then deepens the upper oxidized zone
by propagating downward at a rate deter-
mined by the reducing capacity of the sedi-
ment (organic carbon and reduced inorganic
species) and the instantaneous balance be-
tween the diffusive fluxes of oxidants (O,
and NO;7) and reductants (Mn®* and
Fe?*). As the diffusion distance increases,
the downward migration rate of the front
drops. When the oxidative flux becomes
equal to the reductive flux, no further reac-
tion of particulate organic carbon can occur
and the downward penetration of the reac-
tion front (“burn-down”) ceases. With fur-
ther accumulation at the sediment-water in-
terface, the point of zero O, and NO;~
concentrations then moves upward to main-
tain a constant distance from this interface,
as steady-state conditions are established
with the new accumulation regime (13).

A numerical model (14), which includes
the processes of (i) bioturbation, (ii) surfi-
cial respiration and nitrification, (iii) denitri-
fication, and (iv) diffusion of O,, NO3™,
Fe?*, and Mn?*, has been developed to
predict the rate of burn-down of the redox
front. The relevant equations are shown in
Table 1. This model may be used to estimate
the time that has elapsed since the deposi-
tion of the most recent turbidite. Its applica-
tion to the conditions found at station
11137 is summarized in Table 2. In the
model it is assumed that, apart from the
downward migration of the front, the ob-
served conditions within the sediment have
obtained continuously since the deposition
event. Supporting evidence for a relatively
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recent deposition event (217 years before
the present) is provided by the observed lack
of detectable overlying pelagic sediment and
the characteristic benthic faunal distribution
observed in bottom photographs (15).

The model predictions of the depositional
history of iron and manganese over longer
periods of time are of particular interest.
The exponentially slowing front “hovers”
close to its maximum depth of pcnctration
for a considerable pcrlod During this time,
Mn?* and Fe?*, arriving at the front by
diffusion, are oxidized and precipitate in a
narrow depth interval, which consequently
becomes considerably enriched in these ele-
ments. At the Madeira Abyssal Plain site, the
arrival of turbidites is apparcntly too fre-
quent, and the Fe** flux is too low, to
permit the process to develop to this degree
of maturity. However, layers rich in iron
and manganese have been reported for other
areas such as the western equatorial Atlantic
(3, 4), the Gulf of Mexico (5, 6), the Coral
Sea, the Caribbean Sea, the Bahama Outer
Ridge, the Mediterranean Sea, the Sierra
Leone Rise, and the Ganges Abyssal Fan
(4). These layers frequently, but not always,
exhibit millimeter-scale laminations. Parallel
enrichments with manganese, cobalt, and
nickel have also been reported (3, 5). The
layers are typically located at or just below
the Pleistocene-Holocene transition zone.
Sediments below this zone are typically rich-
er in clay and organic carbon and poorer in
calcite than those above; frequently, a
marked drop in accumulation rate occurs (3,
12, 16). Such changes in the sedimentation
regime imply a deepening of the equilibrium
oxygenated layer (13). A sudden transition
of this type would be capable of initiating
the formation of a progressive diagenetic
front.

Various mechanisms have been proposed
to account for the formation of iron-rich
layers. Watson and Angino (5) suggested a
mechanism involving scavenging from the
overlying seawater. McGeary and Damuth
(4) proposed that pore solutions containing
iron(IT) were expelled from the sediment by
compaction so that the iron-rich layer
formed at the sediment-water interface.
Normal compaction does not expel pore
fluid in this way, although in special circum-
stances diffusion may supply iron to be
precipitated at the sediment-water interface
(17). However, any proposed mechanism
that requires that these iron-rich layers
formed at the interface must account for
their subsequent preservation in spite of the
disruptive activities of benthic organisms. In
oxygenated bottom-water conditions, the
absence of bioturbation for the required
burial period of several thousand years is
most unlikely. Richardson (3) recognized
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that the layers are produced within the
sediment by the upward diffusion of Fe(II),
but she did not satisfactorily explain the
sharp depth localization of the metal-rich
sediment. The reaction front mechanism
proposed here explains this localization in a
simple and quantitative manner.
- Figure 2 compares the field results of
Richardson (3) with iron profiles predicted
by the numerical model. Because Richard-
son’s cores were sampled at coarse depth
intervals, generally 10 cm, we used the
quahtatlvc core descriptions, which include
visual estimates of the thickness of the iron-
rich layer, to interpolate between the depths
for which analytical data are given (3).
Figure 2 also illustrates the sensitivity of
the model predictions to variation of the
input parameters over the likely range exist-
ing at Richardson’s stations. The observed
narrow depth interval of the highest enrich-
ments is in good agreement with the model
predictions over virtually the whole range of
input conditions. Factors exerting a direct
influence on the fluxes of oxidants and re-
ductants are the most critical. Bioturbation
in the overlyinglayers, and possibly bottom-
water changes, are likely to cause inconstan-

cy in the oxidant fluxes. Model experiments
in which the O, flux was made to vary by 10
percent in a system close to the balance
point produced layers containing several
overlapping peaks, similar to the natural
laminated structures.

Richardson (3) observed that the solid-
phase manganese peak is either coincident
with the iron peak or is located a few
centimeters above it. Coincidence of the two
peaks implies that the burn-down process is
still slowly oxidizing sediment organic car-
bon. Subsequently, as sedimentation contin-
ues, manganese appears to be remobilized in
preference to iron for kinetic or thermody-
namic reasons and tracks the retreating O,
profile upward. This process represents the
first step toward the establishment of a
steady-state regime (13). Richardson (3)
found that cobalt and nickel did not always
correlate with manganese, particularly . in
profiles in which manganese remobilization
has begun; this may reflect fractionation
effects associated with differential mobiliza-
tion of the various transition metals.

Our model shows that sharp layers can
develop well below the zone of active bio-
turbation, typically a decimeter thick (18,

Table 1. Equations used in the numerical model. Redfield stoichiometric relationships (A) for the
breakdown of particulate organic carbon compounds by oxidation and by denitrification; NO;™,
produced by the oxidative breakdown process (Eq. 1), supplements the diffusive NO3 ™~ supply to the
reaction front. The assumption that goethite and hausmannite are directly produced at the reaction
front (Egs. 3 and 4) is a simplification introduced to avoid overelaboration of the model. Equations (B)
derived analytically (2) by the use of steady-state assumptions. Since the rate of increase of the oxidized
layer thickness is always small with respect to the rate at which diffusive equilibrium can be established
(20), the quasi-steady-state assumption used in the present model is valid. Most symbols are explained
in Table 2; Z;_is the instantaneous redox front depth, P is the instantaneous slope of the linear portion
of the O, profile, and F is the corresponding slope of the linear portion of the NOs™ profile; B is
estimated from the surficial layer depth (Z;) by means of the expression B = —In(0.01)/Z; (2).

(A) Stoichiometric assumptions incorporated into the numerical model:

138 O, + (CH,0)106(NH;);gH;PO, + 18 HCO;~

124 CO, + 16 NO;™ + HPO*™ + 140 H,O (1)

94.4 NO;™ + (CH;0) 106(NHs) 6H;PO, =
13.6 CO, + 92.4 HCO;™ + 55.2 N, + 84.8 H,O + HPO,*~ (2)
4Fe?* + 30, + 2 HyO = 4 FeOOH (goethite) 3)
3 Mn?* + 2 O, = Mn;0, (hausmannite) (4)

(B) Analytic equations used to calculate O, and NO;~ profiles:

(03] = Tog o [Clo™™ + (2 = )P (5)
6 D N
[NOs™) = g 2 [Clor ™™ + (2 - Zu)F ©)

Expressions for the flux of O, and NO;™ to the redox front:

138 Dy .
Flux of O, = —DoP = I—Z)f ([0210 ~ 106 oD, [© 0) 7)
.16 Dy
Flux of NO;™ = —DyF —g—” ([NO3 lot 106 ¢Dn (Clo ) 8
L
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Fig. 2. (a) Field data of Richardson (3). Dashed
lines join nonpeak points; the peaks are then
interpolated on the basis of visual information
reported in Richardson’s table 4.1. The core data,
derived from samples 1 or 2 cm thick, probably
underestimate the maximum iron enrichments.
(b) Model results obtained (i) on the basis of the
use of the input data given in Table 2. Other runs
mirror (i) except as follows: (ii) the accumulation
rate is 3 cm per 10® years; (iii) the accumulation
rate is 3.5 cm per 10° years; (iv) bottom water
[O2] equals 200 pmol liter™'; (v) [O;] equals 240
umol liter™'; (vi) iron flux is 3 X 107'° wmol
cm™2 sec™!; (vii) iron flux is 9 X 107" pmol
em™? sec™!; (viii) labile organic carbon is 0.25%;
(ix) labile organic carbon is 1.0%. To facilitate
comparison, we smoothed ‘the model data by
computing a running average of the iron content
at the five depth-mesh points centered at the
nominal depth point, degrading the vertical reso-
lution of the model (0.2 cm) to correspond to
that of the core data.

19), and explains how these layers are fre-
quently, but not inevitably, made up of finer
bands or laminations. It follows that the
presence of diagenetic fine structure in sedi-
ments does not necessarily imply the absence
of bioturbation during the formation peri-
od, since such structure can be produced

Table 2. Model input data. The surficial oxidation-zone data used throughout the model run for station
11137 were obtained by an empirical fit to the observed O, and NO;™ profiles. Diffusion coefficients
were taken from Li and Gregory (21). Base case data are listed for the western equatorial Atlantic model
runs; the sensitivity of the model to input changes is illustrated in Fig. 2.

Madeira .
Western

below the depth of maximum bioturbation.
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Sulfate and Nitrate Concentrations from a South

Greenland Ice Core

P. A. MayEwskl, W. B. Lyons, M. J. SPENCER, M. TWICKLER,
W. DANSGAARD, B. Koci, C. 1. DavIDsON, R. E. HONRATH

An ice core in south Greenland covering the period 1869 to 1984 was analyzed for
oxygen isotopes and chloride, nitrate, and sulfate concentrations. The data show that
the “excess™ (nonsea-salt) sulfate concentration has tripled since approximately 1900
to 1910 and the nitrate concentration has doubled since approximately 1955. The
increases may be attributable to the deposition of these chemical species from air

masses carrying North American and Eurasian anthropogenic emissions.

NE OF THE MAJOR PROBLEMS AS-
sociated with determining the ef-
fects of fossil fuel burning and acid
deposition through time has been the lack of
a reliable historic database for comparison

Age

with recent precipitation chemistry. Al-
though it is believed that the hydrogen ion,
sulfate, and nitrate concentrations in precip-
itation in the Northern Hcmisphcré have
increased in the last few decades, detailed,
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Fig. 1. Oxygen isotope, chloride, “excess” sulfate, and nitrate time series. Chloride and “excess” sulfate
values that are off-scale appear as numbers. The time scale is compressed to accommodate annual layer

compaction with depth.
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continuous, long-term records in which
there has been consistency in the way the
samples have been collected, handled, and
analyzed are lacking (1). Snow and ice cores
collected from glaciers provide an opportu-
nity to determine the chemistry of previous-
ly deposited precipitation and hence allow
the production of reliable historic databases
for areas remote from local anthropogenic
influences. :

In 1984, an electromechanically drilled
core (2) was recovered from a site (65.01°N,
44.87°W, 2615 m above sea level) 40 km
southwest and up-ice from a previously
drilled site (Dye 3) in south Greenland. The
site is believed to be free of any local con-
tamination produced by Dye 3 (3, 4) and is
located directly downwind from seasonally
directed air masses that emanate from North
America and Eurasia. It is ideal for the
recovery of ice core records in general (5).
Earlier chemical studies at Dye 3 by Herron
(6) and Neftel ez al. (7) have demonstrated
the value of recovering records of sulfate and
nitrate from south Greenland. However,
these studies were based on multiyear aver-
ages of data over the last two millennia (6)
or annual values since 1895 (7). Our record
displays a total of 748 samples, equivalent to
6.5 samples per year, analyzed for chloride,
“excess” sulfate (nonsea salt), nitrate, and
oxygen isotopes (Fig. 1), as well as sodium
(8), for the period 1869 to 1984 from a site
unaffected by local contamination and hence
valuable as a measure of North American
and Eurasian anthropogenic activity.

All materials that contacted the samples
were extgnsively tested (8) to ensure that the
core was collected and processed without
contamination. We used a cleaned polycar-
bonate subcorer to remove the outer 40 to
50% of core to guard against contamination
potentially introduced during drilling.
Blanks for the subcoring technique and the
sample containers were <1.0 pg kg™! for
chloride and nitrate, <2.0 pg kg™' for
sulfate, and <2.7 pg kg™' for sodium. All
laboratory sample handling and processing
before analysis was conducted in a cold
room (—20°C). In the anion analyses we
used a Dionex model 2010 ion chromato-
graph with an AS-4 column and 0.0021M
NaHCO;/0.001744 Na,COj; eluent and a
computer-driven autosampler. In the sodi-
um analysis we used a stabilized-tempera-
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